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1.1 Development of porous materials 
Porous materials encompass a very broad range, from natural to synthetic, from inorganic to organic, and 
from crystalline to amorphous. However, until the mid-1990s, there are only two types of porous solid 
materials, inorganic and carbon-based materials, were being widely applied.
1-5
  
Among porous inorganic solids, the famous example is zeolites, a class of crystalline materials with 
interconnected pores of 4-13 Å. By now, a major part of the industrial process currently relies on the use 
of zeolites, such as catalysis, gas separation and ion-exchange et al.
6
 
A famous example for carbon-based materials is activated carbons. Activated carbons are amorphous. As 
compared to zeolites, despite not having uniform structures, activated carbons have higher porosity and 
specific surface area and occupy more applications in the separation area. Activated carbon has been 
historically used for removal of odor, color pigments and various catalytic functions, and the applications 
significnantly increased in the recent years.
7
 
Inspired by this, over the last three decades, the science of molecular based porous materials has become 
one of the most intense areas of study for chemists. Porous materials are materials with molecular-sized 
pores. The characteristics of a porous material depending on the size, arrangement and shape of the pores, 




1.2 Molecular based porous materials 
One of the most significant research motivations for molecular based porous material comes from their 
porosity, which places them in a new class of porous materials with properties often far beyond 
traditional porous materials. By taking advantage of their regularity, variety, and designability in both 




Molecular based porous material including metal-organic frameworks (MOFs) and porous organic 
frameworks. Metal-Organic Frameworks is a class of the most developed multifunctional materials 
constructed from metal units and organic linkers. Ordered porous organic crystalline materials usually 
include covalent organic frameworks (COFs) and hydrogen-bonded organic frameworks (HOFs). COFs 
are constructed from light elements via strong covalent bonds and show relatively high stabilities, while 
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the HOFs are linked by weak non-covalent interactions such as hydrogen bonds and π−π stacking 
interactions and exhibit relatively low stabilities.  
 
1.2.1 Introduction to metal-organic frameworks (MOFs) 
Metal-organic frameworks, short for MOFs, are compounds consisting of  metal clusters and organic 
ligands to form one-, two-, or three- dimensional structures by coordination bond. They are a subclass 




The two distinguish difference between MOFs and PCP is:  
1) the pores of MOFs are stable during elimination of the guest molecules; 
2) the frameworks of MOFs should constructed by strong interaction between metal clusters and organic 
ligand.   
MOFs have attracted extensive research attention due to the nature of designability, by elaborative 
choose metal and linker, a new MOFs can be design and synthesis with desired structure and property. 
 
Figure 1-1. Schematic representation of construction of MOFs. By choose different ligand 
and metal cluster, a desired MOFs can be synthesize. 
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Figure 1-2. Topology diagrams represent the polygon skeletons of COFs. 
 
1.2.2 Introduction to covalent organic frameworks (COFs) 
Covalent organic frameworks (COFs) are a class of crystalline porous polymer that allows the atomically 
precise integration of organic units into extended structures with periodic skeletons and ordered 
nano-pores.  
One important feature of COFs is that they are designable; that is, the geometry and dimensions of the 
building blocks can be controlled. The diversity of building blocks and topology schemes make COFs an 
emerging materials for structural control and functional design (Figure 1-2).
17-19
 
Due to COFs were constructed from strong covalent bond, COFs have superior stability among 
molecualr based porous materials. 
 
1.2.3 Introduction to hydrogen-bonded organic frameworks (HOFs) 
Hydrogen-bonded organic frameworks (HOFs) are self-assembled frameworks through weak hydrogen 
bond among organic linkers. They are much more fragile and difficult to stabilize, so it is not surprising 
that research on HOFs has been significantly lagging behind that of MOFs and COFs, although the 





 But HOFs were more easily recrystallize and analysis by X-ray diffraction, while stability could 
by solved, HOFs may observe more practical applications. 
 
1.2.4 Comparison of MOFs, COFs and HOFs 
From standpoint of components, MOFs were constructed from metal units and organic linker but COFs 
and HOFs were constructure from pure organic linker, which makes COFs and HOFs possess smaller 
molecular weight. From standpoint of stability, COFs were build from strong covalent bond, MOFs build 
by coordination bond while HOFs build from hydrogen bond, as a result, COFs have highest stability 
among them. But this feature also makes it difficult to obtain cystalline COFs, without further structure 
analysis, the systematic study is not easy. 
With the charateristics of moderate stability, easily got single crystal, high yield et al., MOFs became 




1.3 Applications of MOFs 
Given the nature of designability, high chemical, thermal and mechanical stability, tunable aperture 
size, MOFs shows a plenty of applications such as gas sorption and separation, catalytic property, 
sensors and electronic applications.
21-26  
 
1.4 MOFs for H2 sorption 
The climate change caused by carbon dioxide (CO2) emission and the fossil fuel decline have spurred an 
initiative to develop alternative fuels. Hydrogen (H2) is one of the most promising candidates for the 
replacement of current carbon-based energy sources. On a weight basis, H2 has nearly three times higher 
energy content than gasoline: 123 MJ/kg for hydrogen and 47.2 MJ/kg for gasoline.
27
 More importantly, 
there is no CO2 emission after burning, which is friendly to environment. For the advancement of 
hydrogen and fuel cell power technologies in transportation, stationary, and portable application, the 




In the case of H2 is used as a fuel in cars, ca. 10 kg of H2 would be consumed per 400 Km driven. This 
implies a necessity to store a very large H2 gas tank on the car. It would require refilling everyday, which 
is neither safe nor practical. The U.S. Department of Energy (DOE) has set up the targets that, the H2 
storage targets in 2017 are 5.5 wt % in gravimetric capacity, 40 gL
-1
 of volumetric capacity at an 
operating temperature of -40-60 degrees under a maximum delivery pressure of 100 atm. But none of the 
materials developed so far has satisfied the DOE target yet.
33-37
 
Much effort have been done for H2 sorption to MOFs. It have been proved by theoretical and 
experimental results that, the H2 sorption amount shows a linear relationship with the surface area.
38
 For 
tranditional porous materials, the surface area were limited in 2000 m
2
/g, but MOFs could reach to 7140 
m
2
/g. With the unparalleled high surface area, MOFs have been proved to be promising in gas sorption.
39
 
In 2003, the study of H2 adsorption was reported for MOF-5, this is the first study confirmed the 
potential of MOFs for application to H2 adsorption. In 2012, the MOFs with highest BET surface area 




1.5 MOFs for separation 
The gas separation techniques used in industrial process were mainly membrane-based gas separation 
which is based on the following 3 mechanisms:
40-42
  
(1) based on size and/or shape exclusion; 
(2) based on different interaction between host and guest; 
(3) based on different diffusing rates. 
 
1.5.1 MOFs for H2 separation 
Free H2 does not came in nature in quantity, it should refine from other energy source or natural gas, 
which is always mix with other gas molecules such as : CO, CO2, CH4, N2 et al.. For the further 
applications, it is necessary for purification.
43
 
But H2 separation is most difficult issue now faced, compared with other gas molecules. Because H2 
possess smallest molecular size and lowest adsorption energy (table 1-1). Therefore, the size exclusion is 
the most appropriate mechanism for H2 separation.
44
 
As H2 have smallest molecular size and low adsorption energy, to achieve selective adsorption, it is 
necessary to design a MOFs with micro-aperture, with size exclusion mechanism, H2 selective 
adsorption could achieve.  
Table 1-1 The parameters for some gases in air
43,44
 
Gas Critical Temperature Kinetic diameter 
H2 33.2 2.89 
N2 126.2 3.64 
CO 134.5 3.76 




Due to MOFs are designable, by choose different topological of organic ligand and metal cluster, the 
MOFs with different shape aperture could obtain. With expanded the length of organic linker, the 
aperture size became tunable.
38
 
Figure 1-3 The MOFs realized selective adsorption by Zhou et al. 
In 2009, Zhou and co-workers reported a MOF constructed by zinc (Zn) and  
9,10-anthracenedicarboxylate acid, by use bulkness organic linker, the MOFs realized selective 
adsorption to H2 (Figure 1-3). But the H2 adsorption amount is also small, which may caused by small 
pore partially collapse during activation.
45
 
Even we emphasized that, the microporous MOFs was essential to selective adsorption to H2, but it is 
also important to know that, the as-synthesized MOFs were always charged with solvent moleuces, 
especially the MOFs synthezied by solvothermal reaction. Due to these solvent molecules were works as 
backbone for inner cavity. The solvent molecules such as DMF, DEF, DMSO, MeOH were possess much 
larger molecular size than gas molecules, if the solvent molecules did not fully removed from the pore of 
MOFs, it would dramatically effect the result of gas adsorption. On another hand, if the aperture size was 
too small, it is difficult to remove the solvent molecues. In conclusion, the small aperture is necessary for 
selective adsorption but large aperture is necessary for guest molecules removing, it seems to be a 
contradict issue for selective adsorption with MOFs. 
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1.5.2 MOFs for O2 separation 
The separation of O2 from air is also an important issue in industry process. Similar to H2, O2 possess a 
small molecular size too, therefore, the size exclusion mechanism also works for the separation. On 
another hand, unlike H2, O2 is more easier to be polarize, by taking advantage of different interaction 
affinity, the selective adsorption to O2 can be achieved. 
It have been proved that, the open metal sites have strong interaction to O2 due to the charge transfer.
46 
In 2010, S. Kitagawa and co-workers reported a flexible MOFs build by TCNQ and zinc, which shows 
selective adsorption to O2. In this work, the charge transfer happens between O2 and organic linkers, this 
mechanism is similar to the selectivity to O2 by Cr3(BTC)2. Upon adsorption to O2, charge transfer led to 
a gate opening effect,realize selectivity. This work emphasized that, no matter metal sites or organic 







1.6 MOFs work for Li-ion battery (LIB) 
Electrical energy storage materials are considered prior alternatives to conventional fossil fuels due to 
their low cost, renewability and low environmental impact. In the past decades, the Li-ion battery (LIB) 




1.6.1 Introduction to LIB 
With the rapid development of the global economy, the storage of non-renewable energy sources 
(petroleum and natural gas) are declining as well as energy costs are continuous rising. The development 
of new energy storage materials is very important to solve these problems.
54-61
 
Lithium ion technology was first proposed by M. S. Whittingham in 1976, and commercialized in 1990 
by SONY. Then rapidly attracted extensive attention from the perspective of high theoretical capacity 
(3860 mAh/g) and its extremely negative reduction potential (-3.04 V vs. SHE).
62 
 
1.6.2 Some important parameters for LIB 
The parameters always use in LIB have shown below:
63-72
 
Cathode : the electrode of an electrochemical cell that is reduced during discharge; 
Anode : the electrode of an electrochemical cell that is oxidized during discharge; 
Cell voltage : cathode potential − anode potential = cell voltage; 
Specific capacity: the capacity of electrodes is usually provided per mass of active material; 
Columbic efficiency: the ratio of the obtained discharging and charging capacity; 







Figure 1-4 Schematic representation of the processes during discharging process (top) and 
charging process (bottom) of a Li-ion battery. 
 
Figure 1-4 shows the general discharge and charge process of LiCoO2. During discharge, lithium in 




 and electrons move to cathode. Lithium ions penetrated through 
membrane, reacted with cathode CoO2 produced LiCoO2, while electrons move from out circuit. The 
charging process were opposite. 
There are two kinds of judgments for LIB performance, specific capacity (which can be calculated from 
eq. 1), and specific energy (eq. 2). Where n is the number of transferred electrons per redox reaction.
73-77 
 
𝐶 =  
𝑛 ∗ 𝐹
𝑀 𝑤  
=  
𝑛 ∗ 96485 [𝐴𝑠 𝑚𝑜𝑙−1]




 mAh g−1                                     𝐞𝐪.𝟏 




The specific capacity shows a linear relationship with the number of reacted electrons, while specific 
energy not only related to specific capacity (C), but also cell voltage (V). In LIB, the anode lithium have 
a extremely negative reduction potential (-3.04 V vs. SHE), results in large cell voltage (Figure 1-5). 
 
 
Figure 1-5 Some reduction potential of transition metal. 
 
1.6.3 MOFs work as cathode for LIB 
The core cathode active materials conventionally used in the LIBs are layered metal oxides such as 
LiCoO2. These cathode materials were based on redox transition metal, but intercalation of Li-ion into 
host lattice causes structural change, leading to incomplete de-/lithiation. As a result, ca. 50% of 
theoretical capacity would achieve in practical application.  
It seems reasonable that a similar strategy could be adopted using MOFs, since most MOFs contain 
transition-metal of frameworks with permanent porous structures (rigid 3D frameworks) that allows 
guest ions or cations diffusion.
78-85
  
Generally, there are three schemes to design MOFs-based electrode: 1) used redox active metal; 2) used 
redox active ligand; 3) use redox active metal and ligand. Compared to traditional cathode material, when 
a MOFs works as cathode, we could introduce more active group into organic ligand.
86-90
 Since 
redox-innocent ligands decrease the gravimetric capacity, a simple approach to improve the electron 
uptake number is to involve the ligands in the electrochemical process. Toward synthetic design, the 
preliminary work on redox active polymer cathode materials could provide inspiration for preparing 
coordination polymers by incorporating similar functional groups with reversible electrochemical 




In 2014, K. Awaga and co-workers reported Cu(2,7-AQDC) (AQDC = Anthraquinone Dicarboxylate) 
which was the first example that shows both metal sites and ligands reversible redox activity, but the 
stepwise reduction of Cu2(OAc)4 subunits reduced structure stability, finally an initial capacity of 147 




Figure 1-6 Left upper: the structure of Cu(2,7-AQDC); Right upper: cyclic voltammery; 





During the past years, much MOFs have been studied as cathode, some of the works have been 
summaried in table 1-2. The capacity of these reported works were not compativie with traditional 
cathode materials such as LiCoO2 (ca. 147 mAh/g) due to they are mainly metal centered redox 
reaction, by introducing more redox active group and improve stability, MOFs would be promsing as 
electrodes 
 
Table 1-2 Summary of some reported works 
 
 
1.6.4 Zero strain cathode material 
Zero strain material which means a change in the lattice parameter is virtually zero during charge and 
discharge process. These class of materials have attracted much attention due to the high stability and 
long life time to lithium intercalation.  
Lithium titanium oxide (LTO) is a famous zero strain materials due to the special structure. The crystal 
structure of LTO is a spinel framework structure with Fd-3m space group. The octohedra TiO6 units 
formed body centered cubic structure, upon lithium insertion, Li
+





formed LiO6 units with neighboring O atom, the symmetry of host would not change, such structure 






This thesis is consist of 7 chapters. In chapter 1, the development of porous materials and variety 
applications of MOFs et al. was introduced. Chapter 2, 3, 4, 5 systematicly interoduced solid state 
electrochemistry of different MOFs and performance in LIB. Chapter 6 introduced a new strategy to 
design MOFs based membrane for H2 separation. Finally, chapter 7 gave a summarize of this thesis. 
In chapter 2, a well known MOFs: UIO-66 was used for Proton Ion Battery (PIB). UIO-66 is one of the 
most stable MOFs have been reported by now, by introduce two hydroxy group (-OH) into MOFs, we are 
expected to observe redox activity between hydroquinone to quinone. Solid state electrochemistry 
behavior have been fully studied by three-electrode electrochemical cell. To increase active sites, we did 
in-situ metal exchange : replace zirconium by titanium, according to the reported result
102
. Titanium have 
a smaller atomic weight and redox activity, according to eq. 1, after metal-exchange, the capacity would 
be significantly improve. The traditional PIB are flow battery, here we studied PIB in solid state, and 
emphasized that, the MOFs are promising in this research area. 
Encouraged by lithium titanate oxide (LTO), we chose a MOFs with similar symmetry to LTO : MIL-167 
(1), and studied the performance of LIB in chapter 3. MIL-167 was constructed by dihydroxyterephalic 
acid (DHTPA) and titanium, possess a anionic frameworks with Et2MeNH
+
 occupied channel. Here we 
developed a new method to fully replace ammouniums to Li
+
, the product symbolized as 2. The 
electrochemistry behavior studied by CR2032 coin cell system. This 2 shows metal centered two 
electrons redox activity, and partially redox reation of DHTPA, with 1C charge-discharge, capacity 
stabilized ca. 94 mAh/g
-1
 after 50 cycles. We was expected the hydroxygroup in DHTPA would also 
shows two electron redox reaction, but this reaction didnot observed in LIB system. This phenomenon 
was also reported by J. Long et al.. This is first titanium-based MOFs works as LIB and shows obvious 
pleatu during charge and discharge. 
In chapter 4, we reported a first example of MOFs based all solid battery. The original compound 2 
shows a ionic conductivity of 0.2 mS/cm at 300 K, after doped with ionic liquid (3), ionic conductivity 
increased to 1.1 mS/cm, a all solid battery was fabricated by using 3 as solid electrolyte. 
To introduce redox-activity of organic ligand, we chose dihydroxybenzoquinone (dhbq) as organic linker. 
Unlike DHTPA, this linker is possible have two electron redox reaction even after hydroxy group 
coordinated to metal center.
103
 By tuning reaction condition, this linker is possible form 2 or 3 
16 
 
dimentional networks with cobalt (Co), nickel (Ni) and manganese (Mn). In chapter 5, we systematicly 
studied electrochemical behavior of these class of MOFs. The 2D networks have a uniformed formula as : 
M
II
(dhbq)·2H2O, each metal connect two linker in plane, axial direction was occupied by two H2O 
molecules. While the 3D networks have a formula as : (TBA)
+
2M2(dhbq)3, this MOFs have the same 
topological structure with MIL-167. Compared with 3D frameworks, 2D MOFs possess a much smaller 
molecualr weight, and results to a much higher theoretical capacity. But 3D frameworks is more stable 
than 2D frameworks, results to a long life time. 
In chapter 6, we designed a MOFs with dynamic aperture, named THK-1. We introduce flexible part into 
the rigid structure in the MOFs. Here, we focus on the 9,10-diphenylanthracene moiety. In this molecule, 
it has been known that phenyl rings and anthracene ring show thermally driven twisting motion about the 






All the chemicals and solvent were purchased from Wako, TCI, Aldrich, Sigma Chemical Co. Ltd and 
used without further purification. 
 
Single crystal X-ray diffraction (SXRD). Single crystals were measured on a Bruker APEX II CCD 
diffractometer with graphitemonochrometed Mo Kα radiation (λ = 0.7107 Å) at low temperature under 
nitrogen flow. 
 
Powder X-ray diffraction (PXRD). PXRD were measured on a Bruker D2 PHASER or a Bruker D8 
Advance powder diffractometer with Cu Kα radiation (λ =1.5402 Å). All the measurements were 
carried out under the room temoerature. 
 
Nuclear magnetic resonance (NMR) spectroscopy. Solution state 
1
H NMR were measured on a Bruker 







NMR were measured on a JEOL RESONANCE 800 MHz Nuclear Mganetic Resonance Spectrometer. 
 
Infrared (IR) Spectroscopy. Attenuated total reflection (ATR) Fourier transform (FT) IR spectra were 
measured on JASCO FT/IR-4200 with a ZnSe prism under room temperature. 
 
Thermogravimetric Analysis (TGA). Thermogravimetric analysis were carried out on a Shimadzu 
DTG-60H under nitrogen flow. α-Alumina was used as a reference standard for all measurements. 
 
Ultraviolet-near infrared (UV-Vis-NIR) spectroscopy. UV-Vis-NIR spectra were measured on a 
Shimadzu UV-3100. Diffuse reflectance spectra were collected while equipped with integration sphere. 
 
X-ray Photoelectron Spectroscopy (XPS). The X-ray photoelectron spectra (XPS) were recorded 
using a Ulvac-phi PHI5000 VersaProbe III. 
Electrochemical Measurements: All the lithium ion battery performance were carried out on CR2032 
coin cell. Three electrode electrochemical cell was use Ag/AgCl as reference electrode, gold mesh as 




Cyclic voltammetry (CV): carried out at a Solartron Analytical 1287A potentiostat / galvanosta system. 
 
AC Impedance: carried out at a Solartron CellTest system 1400 multi-channel potentiostats analyzer. 
 
Charge-discharge: carried out at a HOKUTO DENKO 8CH battery Charge / Discharge System.  
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Solid State Electrochemical Behavior of 





2.1 Chapter introduction 
The first consideration for MOFs works as battery is the stability. In this chapter, we chose UIO-66 as 
prototype MOFs, UIO stands for Universitetet i Oslo. Because UIO-66 is one of the most stable MOFs 
have been reported by now. 
UIO-66 with formula of {Zr6O4(OH)4[C6H4(COO)2]6}, is constructed by [Zr6O4(OH)4(COO)12] metal 
cluster and terephthalic acid. Each metal cluster is coordinated with 12 terephthalic acid, therefore, even 




Figure 2-1 Structure of UIO-66. Left up: structure of [Zr6O4(OH)4(COO)12]; right 




Hydroquinone / semiquinone / quinone is a famous redox couple, this reaction is electrochemical 
reversible and happens at relatively high voltage, which is beneficial to the power energy, considered 
these factor, we decide to introduce hydroxyl group into UIO-66.
2-5
 
We used 2,5-dihydroxyterephthalic acid (DHTPA)to substitute terephthalic acid in UIO-66, and 





Scheme 2-1 Proton-coupled redox activity of 2,5-dihydroxyterephthalic acid (DHTPA)  
 
In 2015, Seth M. Cohen reported in-situ replacement of zirconium to titanium in UIO-66. Compared with 
zirconium (Zr), titanium (Ti) have a much smaller atomic weight (47.87 g/mol for Ti and 91.22 g/mol for 
Zr), this is good for specific capacity. Furthermore, Zr is redox-inert while Ti is redox-active, which 
could introduce more active site into MOFs. 
Then, we calculated specific capacity for two compound, results have shown in table 2-1. 










UIO-66(OH)2 1867 96485 12 172.2638814 





2.2 Experimental details 
2.2.1 Synthesis of UIO-66(OH)2 
70 mg of ZrCl4, 4 mL DMF, 2mL formic acid mix in a 20 mL screw vial, then add 1.1 g benzoic acid, 59 
mg DHTPA, ultrarsonic dissolation for 30 minutes. Keep this vial into oven, kept for 120℃ for 24 hours.  
After natural cooling, pale yellow crystalline solids were collected by filter. Wash with excess DMF to 
remove unreacted DHTPA and benzoic acid. Dried at 100℃, yield 80%. Formula: 
[Zr6O4(OH)4(DHTPA)6·17H2O∙4DMF]. Elemental analysis have shown in table 2-2. 
 
Table 2-2 Elemental analysis of UIO-66(OH)2 
 C / % H / % N / % 
CAL 29.36 3.70 2.28 
EXP 29.66 4.023 2.233 
Δ 0.3 0.323 0.047 
 
2.2.2 Synthesis of Ti-UIO-66(OH)2 
50 mg of neat TiCl4 dissolve in 3 mL DMF in a 20 mL screw vial. 40 mg of UIO-66(OH)2 then added to 
form a suspension solution, kept this vial in a 85℃ oven for 1 week. Red powder was collected by filter, 
wash with DMF for 3 times, followed by wash with methanol, dried in the air. Yield 90%. Elemental 




2.2.3 Electrochemical cell set up 
 
Figure 2-2 The electrochemical cell used in this chapter.  
Counter Electrode (CE): activated carbon; Reference Electrode (RE): Ag/AgCl; Work 
Electrode (WE): acetylene black / MOFs / PTFE; Electrolyte : 0.5M H2SO4  
 
The workelectrode containing 10% weight of MOFs was prepared as follows: 10 mg MOFs was grinded 
intofine powder with mortar and pestle, 80 mg AB (acetylene black) was then added and grinded again 
with pestle for 10 min followed by 10 mg of PTFE (polytetrafluoroethylene) was added into the mortar, 
the mixture was then grinded into film. The film was sandwiched by two piece of aluminum foil and 
spread, cut into 7mm diameter disc. Control each electrode weight ca.5 mg. 
The work electrode for PXRD measurements containing 60% weight MOFs was prepared as same 
manner with 60 mg MOFs, 30 mg AB and 10 mg PTFE. 
The counter electrode prepared as follows: 400 mg activated carbon and 50 mg AB was mixed, and 
grinded with mortar and pestle for 10 minutes, 50 mg PTFE was then added into a mortar,the mixture was 
then grinded into film. Cut this film into ca. 50 mg film. 
The reference electrode was used Ag/AgCl, gold mesh was used as current collector and 0.5M H2SO4 




The prepared work electrode and counter electrode was pressed onto gold mesh under 4000N pressure. 
The set up electrochemical cell was degassed for 30 minutes to remove all the O2 contained, all the 
electrochemical test was carried out under N2bubbling. All the electrochemical cell shows a open 
circulatevoltage (OCV) around 0.2V vs. Ag/AgCl. 
To avoid H2O decomposition, the potential window was limited from 0.0 V to 1.2 V vs. SHE. Therefore, 





2.3 Sample characterization 
2.3.1 Structure analysis 
Powder X-ray diffraction (PXRD) was carried out to confirm the structure of UIO-66(OH)2. The fresh 
Zr-UIO-66(OH)2shows highly crystallinePXRD pattern, which is same ascalculated from UIO-66 cif file 
(Figure 2-3), emphasized UIO-66(OH)2exhibit an iso-structure with that of UIO-66, and the hydroxyl 
group did not coordinated to the metal cluster. 
Figure 2-3 PXRD pattern of UIO-66(OH)2 (bottom) and UIO-66 (upper) 
 
To further confirm the structure stability to acid, the sample was immersed in aqueous solution with 
different pH (from 0 to 7) for 1 day, followed with PXRD measurements (Figure 2-4).  
The results suggests that, this UIO-66(OH)2have a strong structure to acid, it shows highly crystalline 
PXRD pattern after treated by acid solution for 24 hours without any lattice change. Such kind of rigid 
structure is prefer to the battery. 
In the case of Ti-UIO-66(OH)2, the PXRD pattern shows exactly same pattern with that of 





Figure 2-4 PXRD collected after immerse in  
 
 




2.3.2 Solid state 
1
H NMR 
Even we confirmed UIO-66(OH)2 possess iso-structure with UIO-66, to make sure hydroxyl group is still 
free is as important for the electrochemical process. Therefore, solid state 
1
H NMR was measured for 
Zr-UIO-66(OH)2. 
1
H NMR have shown in Figure 2-6, the peak centered at chemical shift 10.5452 corresponding to the 
proton on the hydroxyl group, confirmed a free hydroxyl group. 
 
Figure 2-6 Solid state 
1
H NMR of Zr-UIO-66(OH)2 
 
2.3.3Inductively coupled plasmaatomic emission spectroscopy 
To confirm the ratio of Zr and Ti in the metal exchanged sample, the ICP-AES measurements was carried 
out. The result of ICP-AES have listed in table 2-3. 
Table 2-3 The results of ICP-AES 
 wavelength Concentration (mg/L) Concentration (mmol/L) 
Zirconium 349.621 4.93 0.0525 
Titanium 336.121 3.92 0.0819 
Therefore, the mol ratio of Zr / Ti = 2.34 / 3.66 
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2.3.4 UV-vis spectra 
Also, we measured solid state UV-vis spectra of Zr-UIO-66(OH)2 and Zr2.34Ti3.66-UIO-66(OH)2. The 
light pink line represents for Zr-UIO-66(OH)2 and pink line represents for Zr2.34Ti3.66-UIO-66(OH)2. 
The metal-exchanged sample shows a shoulder peak centered at 2.5eV, suggested a charge-transfer 
band appeared.  
This results could contributed to that, after in-situ exchange of Zr to Ti, the ligand to metal charge 
transfer occured between Ti
IV
 and DHTPA. 
 
Figure 2-6 The solid state UV-vis spectra of Zr-UIO-66(OH)2: light pink line and 




2.4 Electrochemical performance 
2.4.1 Cyclic voltammetry (CV) of Zr-UIO-66(OH)2 
The CV of UIO-66(OH)2 have shown in Figure 2-6, Figure 2-7, Figure 2-8. 
During the potential range of 0V - 0.5V, there was no peaks appeared (Figure 2-6). Then, we expanded 
the scanningpotential range to 0V - 0.8V. A large oxidization peak centered at 0.75V appeared, after that, 
a pair of reversible peaks centered at 0.25V observed, in which corresponding to the reversible redox 
reaction between hydroquinone and quinone. During the CV, the peak centered at 0.75V gradually 
decrease while the intensity of peaks at 0.25V kept constant (Figure 2-7). 
Figure 2-6 The CV of UIO-66(OH)2 in the potential range 0V - 0.5V. 




After several cycles, we change scanning potential range to 0V - 0.5V, and observed peaks without 
intensity changed (Figure 2-8). Therefore, we believe the peak appears at 0.75V could contributed to the 
activation. 
Figure 2-8 The CV after change the potential range to 0V - 0.5V. 
 
2.4.2 Cyclic voltammetry of Zr2.34/Ti3.66-UIO-66(OH)2 
The CV of Zr2.34/Ti3.66-UIO-66(OH)2 have shown in Figure 2-9, Figure 2-10, Figure 2-11. 
Similar to Zr-UIO-66(OH)2, in the first several cycles, there is no peaks appeared while scanning from 
0V to 0.5V (Figure 2-9). 
Figure 2-9 The CV scanning from 0V to 0.5V. 
 
Then, the scanning range expanded to 0V - 0.8V, a large oxidation peak centered at 0.75V appeared, and 
gradually decreased. Therefore, we concluded the oxidation peak could be regarded as a activation peak, 
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which is similar to the case of Zr-UIO-66(OH)2. There are two pair of redox peaks appears at 0.25V and 
0.45V, corresponding to the redox reaction of organic ligand and metal center separately (Figure 2-10). 
Figure 2-10 The CV of potential range 0V to 0.8V. 
 
To confirm the relationship of electrochemical behavior between the organic linker and metal cluster, we 
checked CV in the range of 0V - 0.35V and 0.35V - 0.5V, as shown in Figure 2-11. The results 
emphasized that, these two pair of redox peaks were independently. 
Figure 2-11 The CV of potential range 0.1V to 0.35V, 0.35V to 0.5V. 
 
Moreover, the ratio of intensity (current) between organic linker and metal cluster is ca. 3:1, which is 
consistent to the ICP-AES result. According to ICP, the formula of metal-exchanged sample is: 
Zr2.34Ti3.66(DHTPA)6, therefore, the reacted electron ratio of Ti and DHTPA is 3.66:12 ≈ 3:1. 
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2.4.3 Cyclic voltammetry of DHTPA 
To understand the activation behavior of the UIO-66 series MOFs, we measured the CV of DHTPA, 
which have shown in Figure 2-12.  
The electrochemical behavior was exactly same with that of Zr-UIO-66(OH)2 and Zr2.34Ti3.66(DHTPA)6. 
This result suggests that, the activation behavior was come from pure ligand. 




2.4.4 Clycle Performance 
To check the cycle performance of this proton ion battery, we carried out charge-discharge  
The discharge plot have shown in Figure 2-13, a discharge capacity of 210 mAh/g achieved at 1
st
 cycle, 








2.5 Summary of Chapter 2 
UIO-66(OH)2 have been synthesized by solvothermal reaction. Solid state electrochemical behavior have 
been studied for this compound, interestingly, this MOFs shown activation behavior, which may caused 
by intra-molecular hydrogen bond.  
In cycle performance test, a discharge capacity of 210 mAh/g achieved at first cycle, and gradually 
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Zero Strain Cathode Based on Rigid 
Titanium-based Metal-Organic Framework 
with High Ionic Conductivity   
46 
 
3.1 Chapter introduction 
As mentioned in chapater 1, MOFs were proved to be suitable for LIB, but To date, however, only a few 
examples of MOFs have been reported as electrode.  
Long et al. reported a dual-ion insertion process of Fe(dopdc) (dopdc
4-
 = 
4,4'-dioxidobiphenyl-3,3'-dicarboxylate), in which redox active center is Fe(II). They found during 
charging, Fe(II) was partially oxidized to Fe(III), the ions from electrolyte inserted into frameworks to 
balance extra positive charge, followed with release during discharging. Each Fe(II) could have one 














Since redox-inert ligand would decrease gravimetric capacity, the most effective way to improve the 
electrode capacity is to involve the redox-active ligand. Awaga et al. reported Cu(2,7-AQDC) (AQDC = 
Anthraquinone Dicarboxylate) which was the first example that shows both metal sites and ligands 
reversible redox activity, but the stepwise reduction of Cu2(OAc)4 subunits reduced structure stability, 




In fact, the low electrical conducticvity and stability to lithium intercalation are main primary issues for 
MOFs-based electrode. Previous study revealed that, manipulation of metal ligand frontier orbital 
overlap could promote charge delocalization, moreover, a mixed-valence state of metal center via redox 
reaction could improve electron transfer (conductivity) owing to the electron delocalization.
3,7,8
 Even if 
MOFs have stable structure, frameworks sometimes collapse upon extra host-guest interation. By using 
3d transition metals with higher valence, the stability could increase through stronger metal-oxygen 
bonds.
9-12 
Conceptually, the MOFs built by multi-valence metal with higher oxidation state and ligand 




3.2 Research strategy 
3.2.1 Introduction of MIL-167 
As mentioned in 3.1, to overcome the problems comes from stability, we decide to design a zero strain 
MOFs-based cathode. Lithium titanate oxide (LTO) is a well known zero strain electrode benificial from 
close packed TiO6 units,
5
 therefore, we would like to choose a MOFs with similar structure with LTO. 
Herein we select a titanium-based MOFs : MIL-167 (Figure 3-2), a three-dimensional (3-D) metal 
organic frameworks, built by 2,5-Dihydroxyterephthalic acid (DHTPA) and titanium (IV) isopropoxide, 
with formula (Et2MeNH)2[Ti(DHTPA)1.5], as prototype MOFs.
6
 MIL-167 (symbolized as 1) has  chiral 
channels exhibiting 10,3-a topology with 2-fold interpenetrated structure, leaving cavities about 6−7 Å 
free diameter. The structure consists of isolated TiO6 octahedra by coordinated with oxgen atoms from 
both phenolic and carboxylic.  
Figure 3-2 (a) Structure of DHTPA and coordination geometry of TiO6, (b) 2-forld 




Figure 3-3 Illustration of cation exchange scheme, yellow spheres represents Et2MeNH
+
, 




3.2.2 Cation exchange scheme 
MIL-167 has anionic frameworks with cation (Et2MeNH
+
) charged in the channel. Considering the large 
molecular size, weight mass and unstability of Et2MeNH
+
, it is better to change this cation with other 
light cations. In LIB, the charge/discharge rate  highly depends on Li-ion diffusion.
13
 Previous studies 
have revealed that Li-ion conductivity could be significantly improved by introducing Li
+
 into channels 
of frameworks.
14, 15
 Due to the large Et2MeNH
+
 is not only works as cations but also works as 
frameworks suppoter, it is impossible to directly syntheis iso-structure MOFs with one-step method.  




 by a post synthsis method, symbolized 




3.3 Experimental details 
All the chemicals were purchased from WAKO, TCI and direct use without further purification. 
3.3.1 Synthesis of 1 (MIL-167) 
1 was synthesized according to the reported work.
6
  
To a 10 ml sample vial, 0.75g DHTPA disslove in 3.0 mL DEF, followed with additon of 3.0 mL 
methanol. 0.3mL of titanium isopropoxide then added dropwise, the yellow clear solution changed to red 
slurry. This slurry was stirred at room temperature for 10 minutes, then transfer it into a 10mL teflon 
lined autoclave, sealed, put into oven, heat to 180℃ for 24 hours.  
After reaction finished, naturally cool the reactor to room temoerature, the dark red crystalline solid was 
collected by filter, wash with DMF (30mL) for 3 times, then methanol (30mL) for 3 times, dried under 








3.3.2 Synthesis of 2 (Li
+
@MIL) 
The as-synthesized 1 was used for cation exchange without further purification.  
We developed a novel cation-exchange technical through simply mechanical grinding of 1 in air with 
excess LiCl by using a mortar and petstle. 
During the grinding, the mixture became wet and sticky, and finally changed to liquid state (Figure 3-4), 
then add methanol, red powder was collected by filter, wash with methanol, dried under reduced 
pressure.  
We consider this cation-exchange process is promoted by the H2O from 1 and air (Figure 3-5). Generally, 




/H2O after absorbing H2O. Then, Et2MeNH
+
 is associated with Cl
-
 
to form Et2MeNHCl/H2O. Et2MeNHCl is then removed by washing with excess H2O/MeOH and 
Li
+
/H2O is remained inside the channels. 
 
 





/H2O after absorbing H2O. Then, Et2MeNH
+
 is associated with Cl
-









3.3.3 Coin cell set up 
Battery performance test was performed using a CR2032 coin cell battery setup. The battery set up was 
carried out in a argon filled glovebox.  
Prior to the electrochemical test, activation of 2 was carried out to avoid the water adsorption which may 
destabilize LIBs. Activation was performed by vacuum line at 150 °C for 8 hours, produced 2'. 
The cathode containing 10% weight MOF was prepared as follows: 30 mg activated 2' was ground into a 
fine powder with mortar and pestle, 240 mg AB (acetylene black) was then added and ground again with 
pestle for 10 min followed by 30 mg of PTFE (polytetrafluoroethylene) was added, the mixture was then 
ground into film. The film was sandwiched by two pieces of aluminum foil and spread, cut into 7 mm 
diameter disc. The cathode used for ex-situ XPS and PXRD was prepared as same manner with 70% 
weight 2', 20% AB and 10% PTFE. 
10 mm Lithium disc was used as anode and 1 M LiClO4/PC was used as electrolyte. 
The open circuit voltages of all fabricated cells were close to 2.6V. After the optimization of the 




3.4 Sample characterization 
3.4.1 Elemental analysis 
Both 1 and 2 were confrimed by elemental analysis.The results have shown below (Table 3-1) 
Table 3-1 Elemental analysis results  
  C % H % N % 
1 
Calculated 37.99 7.39 4.03 
Experimental 38.05 7.51 4.071 
2 
Calculated 25.19 5.29 0.00 
Experimental 25.01 5.238 0.000 
 
The formula for as-synthesized 1 is: (Et2MeNH) 2[Ti(DHTPA)1.5]·(H2O)8  
The formula for 2 is: Li2[Ti(DHTPA)1.5]. (H2O)17 
 
3.4.2 Solid state NMR 
 
Figure 3-6 Solid state 
13




Figure 3-6 shows solid state 
13
C NMR of 1 (upper) and 2 (bottom), after cation exchange, the peaks 
corresponding to Et2MeNH
+




Figure 3-7 Solid state 
7
Li NMR ( LiCl as reference ) 
To further confirm the exsistence of Li
+
, we carried out 
7
Li NMR for both samples. 1 shows no signal 
peak in all range, in the case of 2, a single peak appeared at chemical shift -0.152 ppm (LiCl as reference), 
suggesting all Li
+






3.4.3 Thermogravimetry analysis 
To make sure the thermal stability and the composition of compound, we measured TGA (Figure 3-8). 
The measuremts carried out under N2 atmosphere with 50 mL/min flow rates and 10 K/min temperature 
increasement. 
The blue line represents for 1, black line represents for 2, the weight loss around 100 ℃ suggests loss of 
H2O molecules. This results emphasized that, both 2 compound were thermal stable up to 300℃. 2 
contains ca. 20% of H2O while 1 contains 10% of H2O. This result is also consistent with our hypothesis 
of cation exchange mechanism, H2O promoted cation exchange, and remained inside the channel with 
Li
+
, finally makes 2 contains much more H2O then as-synthesized 1. 
 






3.4.4 Scanning Electron Microscope 
 







Figure 3-9 shows SEM of 1, pristine 2 and activated 2. SEM suggests 1 has a uniform particle size of ca. 
50 μm while pristine 2 and activated 2 have distributed particle size from 5 - 50 μm due to manually 
grinding. 
 
3.4.5 Structure analysis 
It is also important to compare the structure of pristine 1 and 2. The simulated PXRD was calculated from 
cif file of MIL-167 by software Mercury. Simulated 2 was calculated by mannually delete all the 
ammounium cations. All the measurements were conducted under room temperature by Bruker D2 
equipment.  
2 shows a highly crystalline powder X-ray diffraction pattern (PXRD) (Figure 3-10) without new peaks 
appeared or large changes in the intensity, but the unit cell shrinks ca. 1.5 % after the replacement, due to 
Li
+
 has a much smaller size than Et2MeNH
+
 (Due to 2 crystallized in cubic, a = b = c, the calculation 
carried out based on (0 0 4) direction). This high structral stability can be attributed to the highly 










3.4.5 Spectrographic analysis 
ATR FT-IR spectra ware measured on DHTPA, 1 and 2 at room temperature.  
As shown in Figure 3-11, similar strching was observed for 1 and 2. The peak centering at 1550 cm
-1
 
corresponding to C-O bond strching, this broad peak represents multi C-O bond excists in MOFs. 
Especially, C-H streching in 1 disappeared in 2, emphasized no Et2MeNH
+
 in 1. 
 




The diffuse reflectance spectra of 1 and 2 were obatined at room temperature using BaSO4 as 100% 
reflectance standard. Both 1 and 2 shows broad LMCT (ligand metal charge transfer) band centered at 
2.5 eV.  
 






3.5 LIB performance 
3.5.1 AC impedence 
Before the electrochemical test, we checked Li
+
 diffusion of the coin cell battery. The result suggests a 
high Li
+
 diffusion rate of made up battery. 
Figure 3-13 Nyquist plot of fabricated battery 
3.5.2 Cyclic voltammetry 





Cyclic voltammetry at 0.1 mV/s scan rate is shown in Figure 3-14. Except for the first sweep of reduction 




 conversion. In addition, a 
pair of quasi-reversible peaks centered at E1/2 = 1.3V corresponds to partially redox reaction of 
carboxylate groups, which is consistent with the reported work
 
(J. Chen and co-workers reported 4 
electrons electrochemical redox reaction of DHTPA nanosheets, two of four are taking place on the 




 By tuning scan range to 2.0 - 0.3 V, a pair of 
reversible peaks at E1/2 = 1.0V can be observed, (Figure 3-15) which is attributed to the redox reaction on 




Figure 3-15 Cyclic voltammetry of 2' in the range of 0.3 - 2.0 V for 50 cycles. 
 
3.5.2 Cycle performance 
In the cyclic performance test, an initial capacity of 107 mAh/g is achieved at 1C (1C = 75 mAg
-1
). Then, 
the capacity gradually decreases and stabilizes at 95 mAh/g after 50 cycles (Figure 3-16). As a result, 89% 
of initial capacity is remained. With the decrease of the current density to 0.5C, discharge capacity 
increases to 110 mAh/g and 95% of initial capacity is remained after another 50 cycles (Figure 3-17). The 




Figure 3-16 Discharge plot at 1C. Capacity stabllized at 95 mAh/g after 50 cycles.  
 
 
Figure 3-17 Decrease of the current density to 0.5C, capacity of 100 mAh/g achieved after 





Figure 3-18 Specific capacity and coulombic efficiency change according to cycle number. 
 




To distinguish the capacity distribution, we calculaed differential of the capacity (Q) with respect to the 
potential (V), dQ/dV (Figure 3-19). The total capacity comes from two parts: 2.8 - 1.4V and 1.4 - 1.2V. In 
the potential range of 2.8-1.4V, 75 mAh/g of capacity is achieved and stabilizes for 100 cycles. 16.3 
mAh/g contributes to EDLC (electrochemical double layer capacitor) (Equation 1), indicating 78.3% of 
Ti
IV
 are reduced to Ti
III
. In the range of 1.4 - 1.2V, incremental capacitance comes from partially 
reduction of the carboxylate group of DHTPA.
16
 More importantly, a mixed valence state forms and 
improves electron conductivity. 
In the discharge profile (Figure 3-16, 3-17), a flat plateau at potential E = 1.75 V have been clearly 
observed, which is not common for MOFs-based electrode batteries. Essentially, charge/discharge is a 
process of phase transition, the plateaus in charge-discharge curve represents the two-phase 
coexistence.
13-18
 Without rigid structure and high ionic conductivity, a sloping charge /discharge plateau 
appears during Li
+
 intercalation, due to structure distortion or large EDLC caused by low ionic diffusion. 
 
3.5.3 Calculation of EDLC 
By fitting potential- capacity plot in the potential range of 2.8 - 2.4 V (the range has no electrochemical 
reaction, Figure 3-13), the slope (-0.086 mAhg
-1
 /V) of fitted line could be calculated.  
Therefore, the capacity contributed from EDLC in the potential range of 2.8 - 1.4 V (totally 1.4V ), could 








3.5.4 Galvanostatic intermittent titration technique 
In order to study the electrochemical Li
+
 insertion during discharge, we developed the galvanostatic 
intermittent titration technique (GITT), for which a constant discharge current (75 mAg
-1
) was applied 
for 20 minutes followed by an interval of 1 h to achieve the electrochemical stable state. AC (alternating 
current) impedance was carried out after each discharge.  
Figure 3-20 Schemetic represents of GITT. 
 
Figure 3-21 OCV as a function of the depth of discharge. Arrow indicates the state of which 
resistance start to decrease. 
 
Figure 3-21 displays OCV as a function of the depth of discharge, the OCV decreases during discharge, 
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indicating Fermi level of the cathode is shifted to a higher energy. 
 
 








The crosspoint of semicircle and line indicated bulk resistance of cathode composite. As shown in Figure 
3-22, the resistance showns a maximun value in the middle of discharge process. 
Considering that, in the potential range of 2.8 - 1.9 V, due to the formation of EDLC, resistance of 
cathode increases (green rectangle in Figure 3-21 and Figure 3-22 ). But with the reduction of metal 
cluster and ligand, mixed valence state encountered and improves charge delocalization, resulting in the 
decrease of the resistance (Figure 3-22) 
 
Figure 3-23 the summary of resistance as a function of potential, arrow indicated the point of 




3.6 Electrochemical behavior discussion 
3.6.1 Study of mixed valence state 
An ex-situ XPS (X-ray photoelectron spectroscopy) was carried out to study the mixed-valence state at 
1.8V (Figure 3-24). We studied Ti 2p of Li
+
@MIL, two peaks centering at 465.5 and 459.5 eV are 
assigned to Ti
IV
 2p1/2 and 2p3/2, respectively (Figure 3-22). The peak at 464.1 and 458.3 eV is assigned to 
Ti
III
 2p1/2 and 2p3/2.
20,21
  
At E = 1.8 V, Ti
IV
 are partially reduced to Ti
III
 and a mixed-valence state is produced. Therefore, the long 
range electron delocalization is helpful for electron transfer, leading to the decrease of the resistance. 
This result is also consistent with the CV (Figure 3-13). The slow reduction/oxidation (0.1 mV/s) is 
accompanied with electron transfer, resulting in the spliting of the peaks. 
Figure 3-24 XPS of Ti 2p, two peaks centering at 465.5 and 459.5 eV are assigned to Ti
IV
 2p1/2 
and 2p3/2, respectively. The peak at 464.1 and 458.3 eV is assigned to Ti
III




3.6.2 Ex-situ PXRD  
To further testify the structural stability, we carried out ex-situ PXRD (Figure 3-25) before and after 
discharge (1C). No new peaks appeares after fully dischaging, but peaks slightly shift to lower angle 
upon lithium insertion. The expansion of structure is calculated to be 0.8 % (calculated based on 0 0 4 
direction), which suggests 2 is a zero strain cathode material. 
 







3.6.3 Syudy of ionic conductivity 
In cycle rate dependence test, a capacity difference of 3 mAh/g is observed between 1C (Figure 3-16) and 
0.5C (Figure 3-17), these superior performance can be contributed to high ionic conductivity.   
The ionic conductivity of neat 2 was investigated in a modified coin cell set up (Figure 3-26). Ionic 
conductivity at 20 °C is calculated to be 0.2 mS/cm (Figure 3-27), which confirms a high Li
+
 diffusion 
rate in the 2. 
 
 
Figure 3-26 Modified coin cell set up for ionic conductivity. 
 





3.7 Summary of Chapter 3 
In summary, we developed a novel and conveniemt cation exchange method to prepare 2 from 1. 2 
possesses iso-structure with 1, emphasizing an in-situ replacement process. 78.3 % of Ti
IV
 in 2 exhibits 
reversible electrochemical redox reaction, and a capacity of 104 mAh/g is achieved at 0.5C after 100 
cycles. Remarkably, 2 exhibits zero strain structure stability during the lithium intercalation. More 
importantly, 2 exhibits highest ionic conductivity among reported MOFs. This high ionic conductivity 
makes 2 display uncommonly discharge plateau compared with reported MOFs-based LIBs.  
Even discharge potential of 2 is not comparable with LiCoO2 and LiFePO4, compared with zero-strain 




, 2 exhibits a higher 
discharge potential (1.75 - 1.8 V) due to LMCT (ligand metal charge transfer) (Figure 3-12) and produces 
a higher power of 192 kWh/kg. All these observations suggest that zero-strain MOFs have great 
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4.1 Introduction to Electrolyte 
4.1.1 Organic Liquid Electrolyte 
Electrolyte, according to definition is a substance that produces an electrically conducting solution when 
dissolved in a polar solvent, such as water. The dissolved electrolyte separates into cations and anions, 
which disperse uniformly through the solvent.
1
 Electrically, such a solution is neutral. Electrolyte is 
necessary to all electrochemical cells, as well as LIBs. 
By now, all the batteries are fabricated with organic liquid electrolyte, such as LiClO4/EC/DEC, due to 
this class of electrolyte showing high ionic conductivity. But, organic liquid electrolyte also possess 
some drawbacks which cannot be overcome, such as : volatile, narrow operation temperature and 
explosive upon heating. Especially the explosive character, this sometimes cause serious damage.
2 
 
4.1.2 Solid Electrolyte 
Considering safety issue, researchers starting to work with solid state electrolyte. From the perspective of 
safety and stability, solid state electrolyte are promising to replace organic liquid electrolyte for the next 
generation of battery. Moreover, by substitute organic liquid electrolyte to solid state electrolyte, the 
volume of battery could be reduced and simplified fabrication methods.
3
 




; (b) to be chemically 
stable and (c) to be easily fabricated into a mechanically robust, flexible thin membrane.
4
 
Currently, the most ionic conductor, especially Li
+
 ion conductor are inorganic compound, one famous 
example is Li10GeP2S12, a lithium superionic conductor, with ionic conductivity of 12mS/cm at room 
temperature.
5
 But the server synthetic method limited the applications of this class of materials. 
In 2011, Prof. Long and co-workers reported a Li
+
 ion conductor build by modified MOF-74.
2
 MOF-74 
have highest density of open metal site, by modification of open metal site, LiBF4 have been introduced 
into channel meanwhile  the flammable EC/DEC also doped into MOF. Moreover, only AC impedance 






4.2 Ionic Liquid (IL) 
Ionic liquid is a salt in the liquid state. The melting points of ionic liquid are significantly lower than 
those of classical salts, because large ionic radius result to a lowering of interaction between cations and 
ions. Ionic liquids are promising as new green solvents for chemical reactions, extractions, catalysis, gas 
absorption, and electrolytes in electrochemical devices. Ionic liquid whose melting points are as low as 




Even the ionic liquid are promising to work as electrolyte due to high ionic conductivity, it dramatically 
decrease at low temperature due to freezing. But by incorporating ionic liquid into porous materials, due 
to nanosize effect and strong host-guest interaction, ionic conductivity showed no marked drop.
11,12
 
In 2015, Prof. H. Kitagawa group reported incorporating ionic liquid EMI-TFSA into ZIF-8 by direct 
mixing ZIF-8 and EMI-TFSA. Due to capillary effect, ionic liquid doped into pores of ZIF-8(Figure 4-4). 
Notably, the IL@ZIF shows much higher ionic conductivity than neat EMI-TFSA at low temperature 




Even the ionic conductivity of IL@ZIF is not sufficient for solid electrolyte, it afford a strategy to 




4.3 Chapter Introduction 
In chapter 3, we introduced Li2[Ti(DHTPA)1.5] (2) with ionic conductivity of 0.2 mS/cm at 300 K. Even 
this MOF already showing highest ionic conductivity among pure MOFs, it is not enough to be a solid 
electrolyte for all solid battery. Therefore, we decided to dope ionic liquid solution into this compound 
(Figure 4-1). 
Here, we chose EMI0.8Li0.2FSI as doping ionic liquid solution, and prepared sample :  
EMI0.8Li0.2FSI·Li2[Ti(DHTPA)1.5] (3) and EMIFSI·Li2[Ti(DHTPA)1.5] (4). 
Furthermore, to emphasize this compound is promising for solid electrolyte, we fabricated all solid 
battery with this MOF composite. 
 






EMIFSI and LiFSI were commercially available and used without further purification. All the synthetic 
procedure were done in a Ar-filled glovebox. 
 
4.4.1 Synthesis of EMI0.8Li0.2FSI 
EMI0.8Li0.2FSI was synthesized by mixing EMIFSI and LiFSI with a molar ratio of 4:1, then heated to 60℃ 
under stirring for 1 hour to achieve a uniformed and clear solution. 
 
4.4.2 Synthesis of 3 and 4 
Mixing as synthesized EMI0.8Li0.2FSI and EMIFSI with 2 of equimolar using a mortar and pestle, keep it 
at room temperature over night produced 3 and 4. 
 
4.4.3 Set up coin cell for ionic conductivity 
Activated MOFs mixed with PTFE with weight percentage of 9:1, and grinded into pellet, cut to pellet 
with diameter of 10 mm, then set up as shown in Figure 4-2. 
 




4.4.4 Set up coin cell for transference number 
Figure 4-3 Set up method for transference number measurements  
Activated MOFs mixed with PTFE with weight percentage of 9:1, and grinded into pellet, cut to pellet 
with diameter of 16 mm, two piece of Li disc was attached at two side of sample pellet. 
 
4.4.5 Set up for all solid battery 
All solid battery was set up according to Figure 4-4.  
Figure 4-4 Set up method for all solid battery 
1 represents for cathode composite, consisting of LFP / 3 / AB / PTFE with weight percentage of 15 / 60 
/ 15 / 10. Control pellet weight to ca. 5 mg, diameter 7 mm. 
2 is separator made by 3 / PTFE with weight percentage of 9:1, diameter ca.12 mm. 





4.5 Results and Discussion 
4.5.1 SEM and EDS elemental mapping 
Figure 4-5 SEM of 3 and elemental maping of F, S, Ti. 
 
To confirm incorporation of ionic liquid solution, we carried out SEM and EDS. SEM confirmed that, 
dope with ionic liquid solution did not change morphology of MOF, meanwhile, elemental mapping 






4.5.2 Structural information 
We compared PXRD patterns for each sample. All the sample shows a highly crystalline structure with 
unchanged space group. 
Interestingly, we found that PXRD pattern of 3 is similar to that of 1. Which suggest EMI0.8Li0.2FSI was 
not randomly dispersed in the pore channel of 3, but localized in some specific position, which is similar 
to the position of Et2MeNH
+
 in 1. Indicating a strong interaction between frameworks and EMI0.8Li0.2FSI 
molecules. 
Compared with experimental data of 2' and 3, PXRD pattern showing a slightly left shift, corresponding 
to unit cell expanded after doping with ionic liquid solution. 
 
Figure 4-6 PXRD pattern of simulated 1, simulated 2, experimental 2, experimental 2', 




4.5.3 Ionic Conductivity 
We studied ionic conductivity of neat 3 by AC impedance in the temperature range of 233 K to 363 K, 
impedance plots have shown in Figure 4-7.  
 




Figure 4-8 Arrhenius plots of 3 of the ionic conductivity data of 3 from 233 K. Red circule 
represents for freezing point of ionic liquid.  
Figure 4-9 Arrhenius plots of 3 of the ionic conductivity data of 4 from 233 K. Red circule 





The conductivity was calculated from the impedance plots shown in Figure 4-11, which are characteristic 
of ionic conductors. The conductivity was obtained from the sum of the grain boundary and bulk 
resistances. The conductivity of 3 calculated to be 1.1 mS/cm at 297 K, which is extremely high among 
MOFs based materials (Figure 4-8). 
The conductivity of 4 calculated to be 0.9 mS/cm at 297 K (Figure 4-9). 
Compared with ionic conductivity with 2, 3 and 4 shows much higher ionic conductivity, this is because, 
ionic conductivity determines by two factor: carrier number and mobility.  
In the case of 2, even large amount of Li
+
 exist in the MOFs channel, the O
δ-
 would trap Li+ due to strong 
interaction, therefore limited mobility of Li
+
. After introducing of ionic liquid solution (EMI0.8Li0.2FSI or 
EMIFSI), the EMI
+
 partially replaced Li
+
, strong interact with frameworks, greatly improved mobility of 
Li
+
, thereby improved ionic conductivity. The difference between 3 and 4 comes from different carrier 
number. 
Moreover, when the temperature decrease to 260 K, bulk ionic liquid solution got frozen, but 3 did not 
shown any ionic conductivity drop. This phenomenon can be explained as, due to nano-size effect and 
strong host-guest interaction, ionic liquid solution did not getting frozen. 
 
4.5.4 Nuclear Magnetic Resonance (NMR) study 
To further study the dynamic motion of Li
+
, temperature dependant static 
7
Li NMR and PFG (Pulse Field 
Gradient) - NMR was measured. 
Figure 4-10 shows static 
7
Li NMR of 3 in the temperature range of 173 K to 333 K.  
With temperature increased, the peak intensity increased, and the shape of peak gradually changed from 








Figure 4-10 Static 
7
Li NMR of 3 from 173K to 333K. 
Figure 4-11 Static 
7
Li NMR of 4 from 213K to 373K. 
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The PFG-NMR method is a well established technique for studying molecular motion without disturbing 
the system under investigation. This measurements were conducted for 
7
Li nuclei at 155.5 MHz using a 
Diff 50 diffusion probe. The samples were sealed in NMR glass tubes. The stimulated-echo pulse 
sequence was used for measurements. The self-diffusion coefficient of 
7








 = −γ2g2δ2DLi (∆ −
δ
3
)                                                   eq. 1 
 
where S is the echo signal intensity, γ is the gyromagnetic ratio, g is the magnitude of the PFG, δ is the 
duration time of the PFG, and Δ is the time interval between the two PFGs. The magnitude of the PFG, g, 
ranged from 0 to 2500 G cm
−1
. The other parameters of the PFG were fixed at Δ = 10 ms and δ = 2.5 ms. 
Figure 4-12 shows the result of self-diffusion coefficients of the lithium nucleus of 3 and 4. At 293K, the 








/s) are comparable with bulk ionic liquid. The activation 
energies for the self-diffusion of lithium ions are 11.8 kJ/mol and 11.9 kJ/mol respectively. These 
similarities suggests that the diffusion mechanisms of lithium ions are the same in both sample. 
 
Figure 4-12 Arrhenius plot of the self-diffusion coefficient of the lithium nucleus (DLi) in 3 
and 4 
 
4.5.5 Transference Number 
The transference number (T+) is defined as the net number of faradays of charge carried across the 
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reference plane by the cation constituent in the direction of the cathode, during the passage of one faraday 
of charge across the plane. The estimation for the transference number is to assume that, in the DC 
polarization, the current carried by the Li+ is the same at the beginning of the experiment and in the 






                                                                  eq. 2 
But the real system is more complicated. The reaction happens at the inter-face of electrolyte and 
electrode resulting to the formation of passivation layer.  
One of the simplest and commonly used method to determine the transference number is Bruce-Vincent 
method. They proposed to measured the passivation layer before and after polarization by the AC 






                                                                           eq.3 
Where I0 and Iss represents for the current for initial and steady-state, R0 and Rss represents for the 





Figure 4-13 DC polarization of Li
+
@MIL for 1 hour, 10 mV potential was used. 
 
 
Figure 4-14 AC Impedance of Li
+




Figure 4-15 DC polarization of EMI0.8Li0.2FSI·Li@MIL for 1 hour, 10 mV potential was 
used.  
 





Figure 4-17 DC polarization of EMIFSI·Li@MIL for 1 hour, 10 mV potential was used.  
 




The transference number were characterized with cell shown in Figure 4-3, the result for all the sample 
have summarized in table 4-1.  
Table 4-1 Calculation of transference number for different samples. 
 




 / μA R
0
 / Ω R
SS





@MIL 10 1.16 0.52 4962 6256.7 0.28 
EMI0.8Li0.2FSI·Li@MIL 10 10.5 5.3 580 783 0.36 
EMIFSI·Li
+
@MIL 10 17.5 5.7 251 276 0.22 
 
Considered after introduced ionic liquid into frameworks, the total ion number is twice to pristine MOFs, 
therfore, with uniformed total ion number, Li
+
 transference number for each sample became 0.28, 0.76 
and 0.44 for Li
+
@MIL, EMI0.8Li0.2FSI·Li@MIL and EMIFSI·Li
+
@MIL respectivly. 
As shown in table 4-1, EMI0.8Li0.2FSI·Li@MIL (3) shows highest transference number, combined with 
high mobility (DLi), 3 exhibited highest ionic conductivity. 







4.6 All solid state battery performance 
The all solid state battery was fabricated according to Figure 4-4. 
LFP (lithium iron phosphate) was used as core cathode material, 3 works as solid electrolyte. As shown 
in Figure 4-19, a discharge capacity of 148 mAh/g was observed at first cycle and decreased to 145 
mAh/g at the 20th cycle at 0.3C.  
Figure 4-19 Charge-discharge plot of all solid state battery made by 3. 
Figure 4-20 Coulombic efficiency and summarized charge/discharge capacity.(closed and 




To further verify the high ionic conductivity, we used different C rate, due to the C rate affect capacity 
greatly.  
As shown in Figure 4-21, with 0.2C rate, discharge capacity of 155 mAh/g achieved, while 145mAh/g 
obtained with 0.5C. This result suggests high ionic conductivity of 3 when works as all solid state battery. 





Introduce ionic liquid into 2 gave the rise of 3, meanwhile, the ionic conductivity improved from 0.2 
mS/cm to 1.1 mS/cm. The PXRD results indicated ionic liquid dispersed in the pore with specific order, 
and interact strongly with host frameworks. The PFG-NMR results suggest Li
+
 shows extremely high 
motion inside the MOFs pores. Static NMR proved there are two kinds of Li+ exist in the pore, partially 
moves fast and rest of Li
+
 move slow and bounded by O atom. This also explains the reason that, with 
introduce 1 equiv. of ionic liquid, the ionic conductivity increased 5 times. The ionic liquid replaced 
bounded Li
+
, improved mobility, and results to a high ionic conductivity. This explanation also supported 
by transference number. In the case of 4, no extra Li
+
 introduced into MOFs, but transference number 
increased a lot.  
Finally, we fabricated the first all solid state battery with MOFs, with 0.3C rate, this battery maintained 
145mAh/g discharge capacity and over 97% coulombic efficiency for over 50 cycles, emphasized MOFs 





1. S. Zhang, K. Ueno, K. Dokko, M. Watanabe. Recent advances in electrolytes for lithium sulfur 
batteries. Adv. Energy Mater. 5, 1500117 (2015); 
2. B. M. Wiers, M. L. Foo, N. P. Balsara, J. R. Long. A solid lithium electrolyte via addition of lithium 
isopropoxide to a metal organic framework with open metal sites. J. Am. Chem. Soc., 133, 14522 
(2011); 
3. Y. Gambe, Y. Sun, I. Honma. Development of bipolar all-solid-state lithium battery based on 
quasi-solid-state electrolyte containing tetraglyme-LiTFSA equimolar complex. Sci Rep., 5, 8869 
(2015);  
4. J. Li, C. Ma, M. Chi, C. Liang, N. J. Dudney. Lithium-Ion Batteries: Solid Electrolyte: the Key for 
High-Voltage Lithium Batteries. Adv. Energy Mater., 5, 1401408 (2015); 
5. N. Kamaya, K. Homma, Y. Yamakawa, M. Hirayama, R. Kanno, M. Yonemura, T. Kamiyama, Y. 
Kato, S. Hama, K. Kawamoto, A. Mitsui. A lithium superionic conductor. Nature Mater., 10, 682 
(2011); 
6. M. Galiński, A. Lewandowski, I. Stepniak. Ionic liquids as electrolytes.  Electrochimica Acta, 51, 
5567 (2006); 
7. K. Fujie, H. Kitagawa. Ionic liquid transported into metal–organic frameworks.  Coord. Chem. 
Rev., 307, 382 (2016); 
8. A. Lewandowski, A. S. Mocek. Ionic liquids as electrolytes for Li-ion batteries - An overview of 
electrochemical studies. J. P. Sources, 194, 601 (2009); 
9. B. Garcia, S. Lavallée, G. Perron, C. Michot, M. Armand. Room temperature molten salts as lithium 
battery electrolyte. Electrochimica Acta, 49, 4583 (2004); 
10. M. Uea, M. Takedaa, A. Toriumia, A. Kominatoa, R. Hagiwara, Y. Ito. Application of 
low-viscosity ionic liquid to the electrolyte of double-layer capacitors. J. Electrochem. Soc., 150, 
A499 (2003); 
11. K. Fujie, K. Otsubo, R. Ikeda, T. Yamada, H. Kitagawa. Low temperature ionic conductor: ionic 
liquid incorporated within a metal–organic framework. Chem. Sci. 6, 4306 (2015); 
12. K. Fujie, R. Ikeda, K. Otsubo, T. Yamada, H. Kitagawa. Lithium ion diffusion in a metal organic 
framework mediated by an ionic liquid. Chem. Mater. 27, 7355 (2015); 
96 
 
13. J. E. Tanner. Use of the stimulated echo in NMR diffusion studies. J. Chem. Phys. 52, 2523 (1970); 
14. E. O. Stejskal, J. E. Tanner. Spin diffusion measurements: spin echoes in the presence of a time - 
dependent field gradient. J. Chem. Phys. 42, 288 (1965); 
15. J. Evans, C. A. Vincent, P. G. Bruce. Electrochemical measurement of transference numbers in 
polymer electrolytes. Polymer 28, 2324 (1987); 
16. P. G. Bruce, C. A. Vincent. Steady state current flow in solid binary electrolyte cells. J. Electroanal. 









DHBQ (Dihydroxybenzoquinone) Based 
Metal Organic Frameworks for High Power 
Lithium Ion Battery  
      
98 
 
5.1 Design of High Power Battery 
As introduced in Chapter 1, the power of battery is determined by both specific capacity and discharge 
potential.  
In MOFs, to improve specific capacity, it is necessary to involve redox-active organic ligand. Generally, 
transition metal species showing higher redox potential compared with organic compound. To improve 
power, it is important to choose organic compound which possess comparable redox potential (Figure 
5-1).  
More importantly, the similar redox potential insured frontier orbital overlap between metal cluster and 
organic ligand, improved electron delocalization, thereby improve conductivity.
1-5
 
Figure 5-1 Reduction potention range of transition metal compared with organic ligand. 
 
One of the well known redox-active organic ligand with frontier orbitals energetically similar to the 
transition metals is 2,5-dihydroxybenzoquinone (DHBQ). Three valence states of this ligand are 
accessible (Figure 5-2). Transition-metal based systems containing the radical dhbq3- reveal features 
characteristic of intra-molecular charge delocalization, such as inter-valence charge transfer bands in 
their electronic absorption spectra.
1,6-10 




5.2 Chapter Introduction 
In this chapter, a series of DHBQ based MOFs have been synthesized, and electrochemical property have 
been discovered in LIBs. 
We chose Cobalt (Co), Nickel (Ni), Manganese (Mn) as metal source for the reason that these metal 
species possess similar redox potential with that of DHBQ. According to reported works, polymer would 
form with using DHBQ as starting materials.  
Herein, we present a novel method by using 2,5-Dimethoxy-1,4-benzoquinone as starting material 
accompanied with a in-situ hydrolysis process, both 2 and 3 dimensional MOFs were accessible.
11,12
 
With addition of different amount of acetic acid, in-situ hydrolysis process of 
2,5-Dimethoxy-1,4-benzoquinone could be tuned, 2 or 3 dimensional MOFs can be synthesized 
selectively. Finally, 6 kinds of MOF were synthesized and summarized in table 5-1. 
 
Table 5-1 Summary of symbols and formula for synthesized MOFs. 
 
2D 3D 
symbol Formula symbol formula 
Co 2(Co) Co(DHBQ)·2H2O 3(Co) TBA2Co2(DHBQ)3 
Ni 2(Ni) Ni(DHBQ)·2H2O 3(Ni) TBA2Ni2(DHBQ)3 
Mn × × 3(Mn) TBA2Mn2(DHBQ)3 







2,5-Dimethoxy-1,4-benzoquinone, Co(CH3COO)2, Ni(CH3COO)2, Mn(CH3COO)2 , Zn(CH3COO)2 
were commercially available, and used without further purification. 
 
5.3.1 Synthesis of 2(Co) 
A suspensions of 30 mg 2,5-Dimethoxy-1,4-benzoquinone, 200 μL of acetic acid and 120 mg of the 
Co(CH3COO)2 together with 250mg of NBu4Br in water (8 mL) were loaded into pyrex tube. The 
reaction suspension was degassed via three freeze pump thaw cycles, following which the tube was 
flame-sealed and loaded into an oven set to 120℃ for 1 day to yield crystalline products. 
 
5.3.2 Synthesis of 2(Ni) 
A suspensions of 30 mg 2,5-Dimethoxy-1,4-benzoquinone, 100 μL of acetic acid and 130 mg of the 
Ni(CH3COO)2 together with 250mg of NBu4Br in water (8 mL) were loaded into pyrex tube. The 
reaction suspension was degassed via three freeze pump thaw cycles, following which the tube was 
flame-sealed and loaded into an oven set to 120℃ for 1 day to yield crystalline products. 
 
5.3.3 Synthesis of 2(Zn) 
A suspensions of 30 mg 2,5-Dimethoxy-1,4-benzoquinone, 200 μL of acetic acid and 120 mg of the 
Zn(CH3COO)2 together with 250mg of NBu4Br in water (8 mL) were loaded into pyrex tube. The 
reaction suspension was degassed via three freeze pump thaw cycles, following which the tube was 




5.3.4 Synthesis of 3(Co) 
A suspensions of 30 mg 2,5-Dimethoxy-1,4-benzoquinone and 120mg of the Co(CH3COO)2 together 
with 250 mg of NBu4Br in water (6 mL) were loaded into pyrex tube. The reaction suspension was 
degassed via three freeze pump thaw cycles, following which the tube was flame-sealed and loaded into 
an oven set to 120℃ for 1 day to yield crystalline products. 
 
5.3.5 Synthesis of 3(Ni) 
A suspensions of 30 mg 2,5-Dimethoxy-1,4-benzoquinone and 130 mg of the Ni(CH3COO)2 together 
with 250 mg of NBu4Br in water (6 mL) were loaded into pyrex tube. The reaction suspension was 
degassed via three freeze pump thaw cycles, following which the tube was flame-sealed and loaded into 
an oven set to 120℃ for 1 day to yield crystalline products. 
 
5.3.6 Synthesis of 3(Mn) 
A suspensions of 30 mg 2,5-Dimethoxy-1,4-benzoquinone and 150 mg of the Mn(CH3COO)2 together 
with 250 mg of NBu4Br in water (6 mL) were loaded into pyrex tube. The reaction suspension was 
degassed via three freeze pump thaw cycles, following which the tube was flame-sealed and loaded into 
an oven set to 120℃ for 1 day to yield crystalline products. 
 
5.3.7 Set up for LIB 
CR 2032 type coin cell were assembled in a Ar-filled glove box.  
Cathode composite consisting 10wt% of MOF, 80wt% of AB and 10wt% of PTFE.  
Anode made by Li disc. 





5.4 Crystal Structures 
5.4.1 Crystal structure of 2(M), M = Zn, Co, Ni 
 
Figure 5-3 Illustration of coordination environment for 2 dimentional MOFs. 
  
In 2-dimensional MOFs, each DHBQ molecule coordinated to two metal center in two opposite direction, 
and each metal center connect with two DHBQ in co-planner, axial position were occupied by two H2O 
molecules (Figure 5-3). 
The packing structure of 2(M) have shown in Figure 5-4. Due to the strong hydrogen bonding, inter-layer 
distance is ca. 3.4 Å, indicating a strong π-π interaction. 






5.4.2 Crystal structure of 3(M), M = Co, Ni 
Figure 5-5 Illustration of coordination environment for 3 dimensional MOFs. 
 




In 3-dimensional MOFs, each DHBQ molecule coordinated to two metal center
 
and each metal center 
connect with three DHBQ (Figure 5-5). 
3(Co) and 3(Ni) crystallize in cubic, space group Ia-3d, these compounds contain two independent 
(10,3)-a networks, interpenetrated with each other. Because the (10,3)-a net is intrinsically chiral, 4-fold 
helices, all in this case right-handed, running parallel to each of the cubic axes(Figure 5-6). 
 
5.4.3 Crystal structure of 3(Mn) 
3(Mn) showing same coordination environment, but crystallize in tetragonal, space group I41/acd, which 
is different from 3(Co) and 3(Ni). Packing structure of 3(Mn) shown in Figure 5-7. 




5.4.4 PXRD Patterns 
PXRD patterns of each MOFs have shown in Figure 5-8 and Figure 5-9. All the compounds showing 
highly crystalline structure, the experimental data matches very well with simulated structure.  
Figure 5-8 PXRD patterns of 2(Co), 2(Ni), 2(Zn). 




5.5 Characterization of 3(M) 
Due to Co-DHBQ and Ni-DHBQ shown similar property, the following property discussion would only 
focus on Co-DHBQ. 
 
5.5.1 IR spectra 
3(Co) and 3(Mn) shows similar IR spectra. 
Due to TBA
+
 is occupied inside the pore of MOFs and works as counter cation, peaks appeared at 2900 
cm
-1
 were attributed C-H bond stretching.  
Peaks at 1500cm
-1
 comes from C-O bond stretching. Usually, C-O bond stretching should show sharp 
and intense peak, but here due to multiple kinds of C-O bond exist in 3(Co) and 3(Mn), a broad peak 
observed. 




5.5.2 UV-vis absorbtion spectra  
Figure 5-11 UV-vis speatra of DHBQ, 3(Co) and 3(Mn) 
 
Figure 5-11 showing UV-vis spectra of DHBQ, 3(Co) and 3(Mn).  
Surprisingly, we observed a broad peak centered at 1 eV of 3(Co), which corresponding to charge 
transfer band. Considering DHBQ moiety in 3(Co) are divalent, we attribute this charge transfer band to 
metal to ligand charge transfer. 
While 3(Mn) did not shown any charge transfer band because Mn is trivalent. Therefore, to balance the 
charge, two DHBQ have 2
-
 charge, one DHBQ observe 1
-







5.5.3 TG Analysis 
Figure 5-12 TG analysis of 3(Co) and 3(Mn) 
 
Figure 5-12 compared TGA of 3(Co) and 3(Mn), this two compound exhibit a similar decompose 
temperature. 
There is no weight loss of solvent molecules for 3(Mn) until decompose at 300 degree C, but 3(Co) lost 1 
H2O molecule at 100 degree C, combine with elemental analysis, we confirmed formula of 3(Co) is 




5.6 Characterization of 2(M) 
5.6.1 IR spectra 
A strong hydrogen bond have been observed in IR spectra, due to two H2O molecules coordinated to the 
axial position of metal center. 
Similar to 3(M), a broad C-O bond stretching appeared at about 1500 cm
-1
 suggesting a multiple C-O 
bond in 2(M). 




5.6.2 UV-vis absorbtion spectra 
Unlike 3(M), all the 2(M) shows strong charge transfer band, centered at 1 eV. 
 




5.7 Electrochemical Performance 
Electrochemical performance were check by CR 2032 type coin cell, the assembly method as same as 
mentioned in chapter 3. 
 
5.7.1 Cyclic voltammetry of 2(Co) 
Figure 5-15 Cyclic voltammetry for 3(Co) with scan rate of 1 mV/s. 
 
In the potential range of 1.5 V to 4.5 V, only one pair of redox peaks observed at E1/2 = 2.5, which 
contributed to redox reaction of DHBQ
2-/3-
.Markblely, with increase of scan cycles, the peak intensity 
increased. We suppose this is because originally, there is almost no free space in the lattice of 2(Co), due 
to the 2-dimentional layered structure. But with redox of organic linker, the inserted Li
+
 expanded 
inter-layer distance, led to the increase of active site. As the result, peak intensity increased. 
On another hand, there is no significantly redox reaction contributed to Co center, this reason may 
atrributed to the steric-hindrance. The axisal position were occupied by two H2O molecules meanwhile 
two DHBQ molecules coordinated to metal in co-planner posistion.  
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5.7.2 Cyclic voltammetry of 3(Co) 
Figure 5-16 Cyclic voltammetry for 3(Co) with scan rate of 1 mV/s. 
 
Unlike 2(Co), in the potential range of 1.5 V to 5.0 V, two pairs of redox peaks observed. The peaks 








Compared with intensity, the ratio is almost 1:1, confirmed this is totally 2 electrons redox reaction, 1 
electron comes from DHBQ, another one comes from Co center. 
 




5.7.3 Cyclic voltammetry of 3(Mn) 
Figure 5-17 shows the CV of 3(Mn) with scan rate of 1 mV/s. In the potential range of 1.5V to 4.5 V, 
several peaks observed. The peaks in the potential range of 1.5V to 2.7V, redox peaks belongs to DHBQ 
have been oberved. In the potential range of 2.7V to 4.5V, redox reaction of Mn have been oberved. 
 
5.7.4 LIB performance of 3(Mn) 
Figure 5-18 Discharge plot of 3(Mn) 
 
Considering the stability, we only tested LIB performance of 3(Mn). As shown in Figure 5-18, in the 
potential range of 1.5V to 4.0V, discharge capacity observed 120mAh/g over 20 cycles, in the potential 
range of 1.5V to 4.5 V, discharge capacity achieved 190m Ah/g in the 1st cycle and gradually decreased. 
To clarify the capacity distribution, we studied differential capacity respect to the potential. As shown in 
Figure 5-19,  
In the potential range of 1.5V to 4.0V, capacity manily increase in two potential range. From 4.0V to 
3.0V, capacity increased due to redox reaction of Mn center, in the range of 3.0V to 1.5V, capacity is 











A series of DHBQ moiety based MOFs have been synthesized. By controlling of the in-situ hydrolysis 
rate of 2,6-Dimethoxybenzoquinone, the MOFs dimention can be tuned from 2-dimentional to 
3-dimentional. 
All the 2-dimentional MOFs showing iso-structure, with 2 DHBQ molecules coordinated to the metal 
center in the opposite position, and two H2O molecues occupied at axial position. 
In the case of 3-dimentional MOFs, Co and Ni observed iso-structure. 
The CV was studied for the electrochemical behavior, interiestingly, 2-dimentional MOFs only shows 
redox activity of DHBQ but 3-dimentional MOFs showing redox activity of both metal center and 
organic linker. 






1. L. E. Darago, M. L. Aubrey, C. J. Yu, M. I. Gonzalez, J. R. Long. Electronic Conductivity, 
Ferrimagnetic Ordering, and Reductive Insertion Mediated by Organic Mixed-Valence in a Ferric 
Semiquinoid Metal–Organic Framework. J. Am. Chem. Soc., 137, 15703 (2015); 
2. T. Kambe, R. Sakamoto, T. Kusamoto, T. Pal, N. Fukui, K. Hoshiko, T.  Shimojima, Z. Wang, T. 
Hirahara, K. Ishizaka, S. Hasegawa, F. Liu, H.Nishihara. Redox control and high conductivity of 
nickel bis(dithiolene) complex π-nanosheet: a potential organic two-dimensional topological 
insulator. J. Am. Chem. Soc., 136, 14357 (2014); 
3. D. Sheberla, L. Sun, M. A. B. Forsythe, S. Er, C. R. Wade, C. K. Brozek, A.  A. Guzik, M. Dinca. 
High electrical conductivity in Ni3 (2,3,6,7,10,11- hexaiminotriphenylene)2, a semiconducting 
metal organic graphene analogue. J. Am. Chem. Soc., 136, 8859 (2014); 
4. M. G. Campbell, D. Sheberla, S. F. Liu, T. M. Swager, M. Dinca. Cu3(hexaiminotriphenylene)2: an 
electrically conductive 2D metal organic framework for chemiresistive sensing. Angew. Chem., Int. 
Ed., 54, 4349 (2015); 
5. X. Huang, P. Sheng, Z. Tu, F. Zhang, J. Wang, H. Geng, Y. Zou, C. Di, Y. Yi, Y. Sun, W. Xu, D. 
Zhu. A two-dimensional π–d conjugated coordination polymer with extremely high electrical 
conductivity and ambipolar transport behaviour.  Nat. Commun., 6, 7408 (2015); 
6. S. Kitagawa, S. Kawata. Coordination compounds of 1,4-dihydroxybenzoquinone and its 
homologues. Structures and properties. Coord. Chem. Rev., 224, 11 (2002); 
7. D. Guo, J. K. McCusker. Spin exchange effects on the physicochemical properties of 
tetraoxolene-bridged bimetallic complexes. Inorg. Chem., 46, 3257 (2007); 
8. M. D. Ward. A dinuclear ruthenium(II) complex with the dianion of 
2,5-Dihydroxy-1,4-benzoquinone as bridging ligand. redox, spectroscopic, and mixed-valence 
properties. Inorg. Chem., 35, 1712 (1996); 
A. Impagliazzo, A. J. Blok, M. J. Cliff, J. E. Ladbury, M. Ubbink. Redox state dependent complex 
formation between pseudoazurin and nitrite reductase. J. Am. Chem. Soc., 129, 226 (2007); 
9. K. S. Min, K. Swierczek, A. G. DiPasquale, A. L. Rheingold, W. M. Reiff, A.  M. Arifa, J. S. 






(TPyA)] (BF4)2 [TPyA = 
tris(2-pyridylmethyl)amine; THBQ
2–
 = 2,3,5,6-tetrahydroxy-1,4-benzoquinonate] exhibiting both 
117 
 
spin crossover with hysteresis and ferromagnetic exchange. Chem. Commun., 9 , 317 (2008); 
10. H. S. Das, F. Weisser, D. Schweinfurth, C. Y. Su, L. Bogani, J. Fiedler, B. Sarkar. Straightforward 
synthesis of substituted p-quinones: isolation of a key intermediate and use as a bridging ligand in a 
diruthenium complex. Chem. Eur. J., 16, 2977 (2010); 
11. B. F. Abrahams, T. A. Hudson, L. J. McCormick. Coordination polymers of 
2,5-dihydroxybenzoquinone and chloranilic acid with the (10,3)-a topology. Cryst. Growth Des., 11, 
2717 (2011); 
12. S. Benmansour, C. V. García, P. G. Claramunt, G. M. Espallargas, C. J. G. García. 2D and 3D 
anilato based heterometallic M(I)M(III) lattices: the missing link.  Inorg. Chem., 54, 5410 (2015); 
13. T. T. Luo, Y. H. Liu, H. L. Tsai, C. C. Su, C. H. Ueng, K. L. Lu. A novel hybrid supramolecular 
network assembled from perfect π−π stacking of an anionic inorganic layer and a cationic 
hydronium-ion-mediated organic layer. Eur. J. Inorg. Chem., 2004, 4253 (2004); 
14. K. Yu, B. Wan, Y. Yu, L. Wang, Z. Su, C. Wang, C. Wang, D. B. Brown. Assembly of organic - 
inorganic hybrid supramolecular materials based on basketlike {M⊂P6Mo18O73} (M = Ca, Sr, Ba) 
cage and transition-metal complex.  Inorg. Chem., 18, 498 (1979); 
15. J. T. Wrobleski, D. B. Brown. Synthesis, magnetic susceptibility, and spectroscopic properties of 
single and mixed valence iron oxalate, squarate, and dihydroxybenzoquinone coordination 
polymers. Inorg. Chem., 18, 2738 (1979); 
16. S. Adireddy, C. E. Carbo, Y. Yao, J. M. Vargas, L. Spinu, M. Katada. High yield solvothermal 
synthesis of magnetic peapod nanocomposites via the capture of preformed nanoparticles in 











Strategy towards selective gas sorption in 
Metal-Organic Frameworks      
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6.1 Chapter Introduction 
As mentioned in 1.5.1, the size exclusion mechanism have been proved to be the most effective in H2 
separation, but there is still have an unsolved issue: the small aperture is necessary for selective 
adsorption but large aperture is necessary for guest molecules removing. 
6.1.1 MOFs with small apertures 
In 2009, Zhou and co-workers reported a MOF constructed by zinc (Zn) and  
9,10-anthracenedicarboxylate acid, with use bulkiness organic linker, the MOFs realized selective 
adsorption to H2 and O2.
25
 But the adsorption amount for this MOFs is relatively low. There are two 
possible reasons: 1) the pore size was too small; 2) some parts in MOFs collapse during activation. 
Excited by this work, we concluded that, to increase H2 adsorption amount, it is necessary to design a 
MOFs with large pore size. 
6.1.2 MOFs with large pore 
Usually, the pore size shows linear relationship with the length of organic linker. Increasing the length of 
the ligand can afford materials with large pore volumes and surface areas leading to enhanced H2 
adsorption capacities.
1-10
 However, there are limits to this strategy due to the interpenetration of networks 
when the ligand bridges are lengthened beyond a certain point; this phenomenon significantly reduces 
the available pore volume. In contrast, a highly connected network topology has perhaps a higher chance 
of avoiding the formation of interpenetrated structures.
12-15
 
In 2009, Y. Yan et al. reported NOTT-112 which was constructed by a rigid C3-symmetric 
hexcarboxylate ligand, 1,3,5-tris(3,5-dicarboxy[1,10-biphenyl]-4-yl) benzene (Figure 6-2) and copper.
31
 
There are 3 kinds of cages in NOTT-112 results from different coordination ratio between organic linker 
and copper paddle wheel, the total structure can be view as packing of these 3 kinds of cages with ratio of 





6.2 Design of organic ligand for selective H2 adsorption 
We propose that: a MOFs with dynamic aperture seems possible to solve all the issues upper: the aperture 
size increase with temperature increased, while the aperture size decrease with temperature decrease 
(Figure 6-1). 
Figure 6-1 Schematic of activation of MOFs 
 




In this case, with temperature increased, aperture size expanded, solvent molecules could be remove 
easily, but with decreased temperature, aperture would prefer to shrunk, leave a ultra-small aperture in 
which only H2 could penetrated (Figure 6-2). Realized selective adsorption. 
To improve H2 adsorption performance, we finally decided to design a MOFs with large pore size and 
small aperture. Thus, one of the good way is to introduce flexible part into the rigid structure in the MOFs. 
According to such a strategy, we focus on the 9,10-diphenylanthracene moiety. In this molecule, it has 
been known that phenyl rings and anthracene ring show thermally driven twisting motion about the 
single bond between the rings, which affords structural flexibility. 
Then, we designed a new organic ligand, 1,3,5-tris[10-(3,5-dicarboxyphenyl) anthracen-9-yl]benzene 
(Figure 6-3). The bulkiness anthryl group would prefer to perpendicular to the neighboring benzene ring 
due to the hydrogen atom exclusion. 
 
Figure 6-3 1,3,5-tris[10-(3,5-dicarboxyphenyl)anthracen-9-yl]benzene 
 
With coordinated to copper paddle wheel units, this MOFs should show iso-structure with NOT-112. The 
expected structure have shown as Figure 6-4, from top view, the anthryl were perpendicular to benzene, 
left a relative small entrance for entering the cage. Due to that phenyl rings and anthryl ring show 
thermally driven twisting motion, with temperature increase, the vibration of anthryl group became more 
and more quency, while amplitude also increased, leave a large aperture to remove guest molecules much 
as : DMF, DEF and DMSO et al.. Contrast, with decrease of temperature, anthryl groups were tend to fix 




Figure 6-4 The anthryl group motion according to the temperature change. 
 
6.3 Experimental details 
All the chemicals and solvents were bought from TCI, WAKO, and direct used without further 
purification.  
6.3.1 Synthesis of 1,3,5-tris[10-(3,5-dicarboxyphenyl) anthracen-9-yl]benzene 
The synthesis scheme for 1,3,5-tris[10-(3,5-dicarboxyphenyl) anthracen-9-yl]benzene have shown in 
scheme 3-1. 
Dimethyl 5-iodoisophthalate  
To a 250 mL round bottle flask, 5 mL conc. sulfuric acid heated to 30℃, 0.9332g I2 and 0.269g NaIO4 
were then added, the solution was stirred for 30 minutes and turned to black. Add 1.116g dimethyl 
isophthalate. After stir over night, ice water was used to quench the reaction. Filter, collect purple solid, 
dissolve in 25 mL CH2Cl2, carefully washed with saturated NaHCO3 solution, followed with Na2SO3 
until the purple layer became colorless. The organic layer was concentrated by rotary evaporation, 
recrystallized from boiled MeOH. White needle crystal collected by filter, yield 90%. 
1
H NMR (500 
MHz, CDCl3) δ (ppm) 8.72(s, 1H), 8.51(d, 2H), 4.00(s, 6H). 
Dimethyl 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)isophthalate 
To a 3-neck 250 mL round bottle flask added 0.021 g PdCl2(PPh3)2, 0.294g potassium acetate, 0.279 g 
bis(pinacolato)diboron, charged with N2, then add 8 mL dehydrated DMF and 0.32 g dimethyl 
5-iodoisophthalate, stirred over night at 85℃. After reaction, naturally cool to room temperature, 
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reaction was quenched by 200 mL aqueous NH4Cl solution, filter, collect brown solid. Dissolve the 
solid by 20 mL CHCl3, wash with H2O for 3 times (3*50 mL), organic layer dried by MgSO4, 
concentrated by rotary evaporator. Purified by chromatographic column, yield 85%. 
1
H NMR (500 
MHz, CDCl3) δ (ppm) 8.76(s, 1H), 8.63 (d, 2H), 3.94 (s, 6H), 1.56 (s, 12H). 
9-Bromoanthracene 
3.0 g anthracene dissolve in 20 mL DMF, cool to 0℃ by ice bath. 3.0g NBS dissolve in 25mL DMF, 
added to anthracene/DMF drop wise for 1 hour. Remove ice bath, warm to room temperature, stir for 24 
hours. After reaction finished, quench by ice water, green-yellow solid collected by filter. Dissolve these 
solid in diethyl ether, wash with H2O, purified by chromatographic column, yield 90%. 
1
H NMR (500 
MHz, CDCl3) δ (ppm) 8.88 (s, 1H), 8.46 (d, 2H), 8.03 (d, 2H), 7.78 (dd, 2H), 7.62 (dd, 2H). 
Anthracen-9-ylboronic acid 
In a 500 mL 3-neck round bottle flask , a solution of 6.0 g 9-Bromoanthracene in 110 mL THF was stirred 
at -78℃, 22 mL of  1.6M n-BuLi added slowly, stir for 30 minutes, 8 g triisopropyl borate was then 
added drop wise, stir for 1 hour, warm to room temperature, stir for another 1 hour. Acidified the reaction 
solution to pH=2 by 2M HCl, extract with ethyl acetate, dried over MgSO4, recrystallize by ethyl acetate 
/ hexane. Yield 85%. 
1
H NMR (500 MHz, CDCl3) δ (ppm) 8.47 (s, 1H), 8.14 (d, 2H), 8.04 (d, 2H), 7.49 
(m, 4H), 5.07 (s, 2H). 
1,3,5-tri(anthracen-9-yl)benzene 
1.26 g 1,3,5-tribromobenzene, 4.40g anthracen-9-ylboronic acid, 5.5 g potassium carbonate was mix in a 
500 mL 3-neck round bottle flask, charged with N2, then add 120 mL toluene, 60 mL ethanol, 0.693 g 
Pd(PPh3)4, reflux for 24 hours. Cool to 0℃, the crude 1,3,5-tri(anthracen-9-yl)benzene precipitate as 
pale yellow solid, filter, wash with H2O (100 mL), MeOH (30 mL), dried in the air. Yield 80%. 
1
H 
NMR (500 MHz, CDCl3) δ (ppm) 8.50 (s, 3H), 8.18 (d, 6H), 8.5 (d, 6H), 7.76 (s, 3H), 7.5 (m, 12H) 
1,3,5-tris(10-bromoanthracen-9-yl)benzene 
1.21 g 1,3,5-tri(anthracen-9-yl)benzene mix with 10 mL dehydrated DMF in a 100 mL round bottle flask, 
1.07g NBS then added. The reaction stirred under reduced pressure at room temperature for 6 hours until 





H NMR (500 MHz, CDCl3) δ (ppm) 8.63 (d, 6H), 8.14 (d, 6H), 7.73 (s, 3H), 7.60 (m, 12H). 
Hexamethyl 5,5',5''-(benzene-1,3,5-triyltris(anthracene-10,9-diyl))triisophthalate 
0.37g dimethyl 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)isophthalate, 0.285 g 
1,3,5-tris(10-bromoanthracen-9-yl)benzene, 0.12 g Pd(PPh3)4, 0.3 g K2CO3 mix in a 200 mL 3-neck 
round bottle flask, charged with N2, add 30 mL 1,4-dioxane, reflux for 2 days. The reaction was 
quenched by aqueous NH4Cl, collect solid by filter, wash with H2O. The crude product was purified by 
chromatographic column, yield 70%. 
1
H NMR (500 MHz, CDCl3) δ (ppm)   
1,3,5-tris[10-(3,5-dicarboxyphenyl) anthracen-9-yl]benzene 
1.0 g hexamethyl 5,5',5''-(benzene-1,3,5-triyltris(anthracene-10,9-diyl))triisophthalate dissolve in 120 
mL THF/MeOH/2M NaOH solution, reflux overnight. Remove all the organic solvent by rotary 
evaporator, acidified remained solution by 2M HCl to pH=2, filter, yellow solid was washed by H2O and 
MeOH, dried in the air, yield 90%.
 1
H NMR (500 MHz, DMSO) δ (ppm) 8.68 (s, 3H), 8.28 (d, 6H), 8.14 









6.3.2 Synthesis of THK-1 
13 mg 1,3,5-tris[10-(3,5-dicarboxyphenyl) anthracen-9-yl]benzene and 30 mg Cu(NO3)2·3H2O dissolve 
in a mixture of DEF and DMSO (1:1, 2mL), The solution was placed in a 5 mL vial and heated at 80℃ 
for 24 h. The resulting green octahedral shaped single crystals (Figure 5-5) were washed with DEF 
several times to give THK-1(16 mg, 70.7% yield) with formula: [Cu3(C72H36O12)]·4DMSO·5DEF·9H2O. 
Elemental analysis have shown in table 6-1. 
 
Figure 6-5 Crystals of THK-1 
  
Table 6-1 Elemental analysis for THK-1 
 C H N S 
Cal 55.6515 5.8743 3.0933 5.665 
Exp 55.653 5.75 2.969 5.82 





6.4 Structure analysis 
The single crystals of THK-1 was measured on an Rigaku Vari-max at 100 K. 
This THK-1, formulated [{Cu2(H2O)2}3L2], crystallizes in cubic space group of Fm-3m, with a = 
46.7163(8) Å and V = 101954(5) Å3. Each carboxylate moiety coordinated to copper(II) ions, forming 
paddlewheel structure to form three dimensional porous framework with rht topology. Fundamental 
framework structure including space group is same as that of NOTT-112 reported by Schröder et al. A 
sole difference between them is that a part of the phenyl groups of ligand is replaced by anthryl group. 
The anthryl ring and phenyl rings at the both side is almost perpendicular with each other. As a result, 
void space in THK-1 is spatially highly divided, affording four kinds of cages (cage A to D) (Figure 
6-8).Cage A is formed from 24 isophthalate groups from L
6−
 units and 12 copper paddlewheel units to 
making cubooctahedron. The nodes forming triangular windows in cage A are shared with cage B, while 
those rectangular windows are shared with cage C. Cage B forms a truncated tetrahedron, and is formed 
from isophthalate groups from 4 L
6−
 linkers and 12 copper paddlewheel units. Cage C is describable as a 
truncated cuboctahedron and is formed by 24 copper paddlewheel nodes and 8 L
6− 
units. Such a feature is 
almost same with that of NOTT-112. A marked difference is in the inner sphere diameter of cage B and C. 
A part of the space in the cage B and cage C was divided by the bulky anthryl groups, resulting in much 
smaller inner sphere diameter of cage B (6.8 Å) and cage C (12.5Å) compared with those of 
NOTT-112(ca. 13.9 and 20.0 Å for cage B and C, respectively in NOTT-112). In addition, a part of 
divided space in the cage B and C formed additional cage D. An arrangement of the cages in the unit cell 
was shown in Figure 6-9. The overall structure of THK-1 could be viewed as packing of four kinds of 
cages with ratio of 1:2:1:6. 
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Figure 6-6 Topology of cage A, cage B, cage C, and cage D. 
 
Because inner space of THK-1 is highly divided by the anthryl groups, it is expected that apertures 
connecting neighboring cages should be smaller than those of NOTT-112. Thus, here we take a look at 
the aperture shape and size of between the cages.  
We found five kinds of apertures, which are abbreviated as apertures AB, AC, AD, BD, and CD, 
respectively (Figure 6-6). Cage A and cage B is connected by sharing the triangular node composed of 
three Cu2 paddlewheels and isophthalate moieties (aperture AB). It is obvious that there is no 
accessibility for any molecules to pass through this aperture because of the anthryl moieties 





Figure 6-7 Arrangement of cages in the unit cell. 
 
Cage A and cage C is connected by sharing the rectangular node composed of four paddlewheels and 
isophthalates (aperture AC). In this case, distance between the nearest hydrogen atoms of anthryl groups 
at the diagonal position is 6.3 Å.  
An aperture between cage A and cage D (aperture AD) is shown in Figure 6-8. Although there is no 
obvious accessible aperture, the distance between hydrogen atoms at 4- position of neighboring anthryl 
groups is 6.2 Å.  
Cage B and cage C is not directly connected because cage B is surrounded by six cages D as shown in 
Figure 6-8. Thus, guest molecules have to pass through the cage D to reach the cage B.  
For the connectivity between cage B and cage D, there seems to be a small aperture at the space between 
four anthryl groups (aperture BD) as shown in Figure 6-8. The distance between hydrogen atoms at 2- 
position of anthryl groups at diagonal position is 6.5 Å.  
 
In the case of aperture between cage C and cage D, although the shape is similar to that between cage B 
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and D, that is a little larger than other apertures(aperture CD). 
Note that, the guest molecule can percolate in the framework using any kind of aperture. Thus, the guest 
molecules could enter the frameworks by any kind of aperture, but could not enter as long as all the 
aperture size were not suitable. 
Although quantitative consideration for the guest molecule cannot be done because the structure of the 
framework with solvent molecules is strictly different with that without solvent molecules, THK-1 seems 
to show size selective gas adsorption property. 




6.5 DFT calculations 
Here we calculated the total energy of ground state (S0) in 9,10-diphenylanthracene molecule as a 
function of dihedral angle (θ) with DFT method. Two phenyl rings bonding at 9- and 10-position of 
anthryl group were fixed to be coplanar (Figure 6-9). DFT calculation carried out used B3LYP DFT 
methods with the 6-31G+(d,p) basis set.  
 
Figure 6-9 Structure of 9,10-diphenylanthracene. θ refers to dihedral angle between anthyl 
group and phenyl group. 
 
Figure 6-10 The potential energy curve as a function of θ. Blue dot line represents to the 






Energy minimum was located at θ = 90º, indicating that phenyl plane and anthryl plane is perpendicular 
with each other at S0 state. This is experimentally supported by X-ray crystal structure analysis of the 
MOF measured at 100 K. It is noteworthy that the potential energy curve as a function of θ is quite 
shallow, namely, S0 energy at θ = 70º is only 5.0 kJ/mol higher than that at θ = 90º. Thus, swinging 
motion of anthryl groups should be thermally activated.  
Figure 6-11 Energy distribution to the θ at different temperature 
 
We estimated population (P(θ)) as a function of θ  by using Boltzmann distribution, P(θ) = exp(-ΔE/kT), 
where ΔE is relative energy compared to the energy at θ = 90º. P(θ) was normalized so that the total 
population is 1. The list of P(θ) at 77, 195 and 298 K and 423K are shown in Table 6-3.  
It is worth noting that, in the θ range between 75 degree to 105 degree, the possibility decrease while 
temperature increase, but in the range of 60 degree to 75 degree and 75 degree to 120 degree, the 
possibility increase while temperature increased. This could be explained by the energy barrier suddenly 




As can be seen in Figure 6-11, the amplitude of swinging motion at 77 K is mostly limited within a range 
of θ = 90 ± 15º, whereas θ = 90 ± 20º at 195 K. This can be the reason for thermally gate-opening 
phenomena for THK-1. This temperature dependent aperture motion could be beneficial when removing 
the lattice solvent by heating up to 150°C (= 423 K) because diethylformamide (DEF) and 
dimethylsulfoxide (DMSO), having much larger molecular size than H2 or N2 molecule, have to pass 
through this aperture during the activation process. 
 
Table6-2 The list of energy at ground state (S0) and excited state (S1). 
 S0 (a.u.) S1 (a.u.) S0-S0 min S1-S1 min 
60 -1001.689453 -1001.579529 0.002725 0.10992413 
65 -1001.690621 -1001.579615 0.001557 0.11100651 
70 -1001.691384 -1001.579359 0.000794 0.11202426 
75 -1001.691792 -1001.578902 0.000386 0.11289035 
80 -1001.692008 -1001.578439 0.00017 0.11356894 
85 -1001.692131 -1001.578102 4.75E-05 0.11402899 
90 -1001.692178 -1001.57797 0 0.11420828 
95 -1001.692131 -1001.578102 4.75E-05 0.11402899 
100 -1001.692008 -1001.578439 0.00017 0.11356894 
105 -1001.691792 -1001.578902 0.000386 0.11289035 
110 -1001.691384 -1001.579359 0.000794 0.11202426 
115 -1001.690621 -1001.579615 0.001557 0.11100651 





Table 6-3 The list of P(θ) at 77, 195 and 298 K and 423K 
 77 K 195 K 298 K 423 K 
60 3.39044*10
-6 0.001961535 0.007675 0.015979 
65 0.000408537 0.01301112 0.026471 0.038225 
70 0.009313026 0.044719289 0.059378 0.067535 
75 0.04974907 0.086664409 0.091549 0.09162 
80 0.120352447 0.122840401 0.115024 0.107605 
85 0.199167793 0.149873563 0.131014 0.117938 
90 0.242011471 0.161859366 0.137778 0.122196 
95 0.199167793 0.149873563 0.131014 0.117938 
100 0.120352447 0.122840401 0.115024 0.107605 
105 0.04974907 0.086664409 0.091549 0.09162 
110 0.009313026 0.044719289 0.059378 0.067535 
115 0.000408537 0.01301112 0.026471 0.038225 
120 3.39044*10





6.6 Gas sorption 
Before activation, we did solvent exchange by immerse as-synthesized sample in methanol for 1 weeks. 
Then the exchanged methanol was removed by heated to 70 degree C under reduced pressure for 2 hours, 
the color of sample changed to blue which corresponding to the removal of axial solvent molecules.  
Just before the gas sorption, the activation was carried out by heated the sample to 100 degree C under 
reduce pressure overnight. 
Then, the gas sorption to H2, O2, N2, CO2 was carried out. 
H2 isotherms at 77 K have shown in Figure 6-12, H2 isotherms showed a reversible and significant H2 




 at standard temperature and 
pressure (STP), which corresponds to 1.68wt% uptake. This is characteristics of porous materials with 
permanent microporosity.  
 






O2 isotherms at 77 K have shown in Figure 6-13, O2 isotherms showed a reversible and significant O2 




 at standard temperature and 
pressure (STP), which corresponds to 3.31wt% uptake.  
 
Figure 6-13 O2 isotherms at 77 K. 
 
To confirm the dynamic aperture, we measured CO2 adsorption under different temperature (195K and 
298K). As shown in Figure 6-14, gas sorption at 298 K (pink circle) was higher than that of 195 K (light 
pink circle). This is not consistent with the fact that adsorption energy (Qst) would decrease as 
temperature increase, which makes gas molecules much easier to physisorb to frameworks. 
Such an unusual phenomenon is reported in several MOFs with ultramicropore size. They made use of 
ultramicro pore or aperture in the MOFs act as a molecular sieve for recognizing difference in the kinetic 
diameter of gas molecules. 
This gas sorption result emphasized a dynamic aperture of THK-1 due to the 9,10-diphenylanthracene 
moiety, phenyl rings and anthracene ring show thermally driven twisting motion about the single bond 
between the rings. 
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Figure 6-14 CO2 isotherms at 195 K (light pink circle) and 298 K (pink circle). 
 
Finally, we checked N2 adsorption of THK-1 at 77 K. The gas isotherms suggests N2 adsorption amount 
of THK-1 was 420 cm
3
/g while NOTT-112 reached 1000 cm
3
/g. Even the THK-1 did not shows any 
selectivity to H2 over N2, but the fact that N2 shows much lower adsorption amount than NOTT-112 
could contributed to the aperture size shrunken by anthryl group.  
 




6.7 Future work 
The N2 sorption result gave us a hint that, the aperture size of this THK-1 still larger than dynamic 
diameter of N2. Therefore, we would like to introduce flexible moiety into the organic linker. Thus, we 
designed a new organic ligand： 
 5,5',5''-(benzene-1,3,5-triyltris(2,6-diethylanthracene-10,9-diyl))triisophthalic acid, as shown in Figure 
6-16. 
 






In this chapter, we designed and synthesized a new MOFs with dynamic aperture. Even finally, this 
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In this thesis, we described the potential of MOFs works in battery, especially as cathode and solid 
electrolyte. 
In Chapter 2, a well known MOFs: UIO-66(OH)2 was used for Proton Ion Battery (PIB). UIO-66(OH)2 
possess iso-structure with UIO-66, with two free hydroxy group. UIO-66(OH)2 is one of the most stable 
MOFs have been reported by now, it is stable in the auqous solution in the pH range of 1-12. With 
reversible redox reaction of hydroquinone to quinone, a discharge capacity ca. 200 mAh/g achieved. 
Emphasized MOFs are promising for PIB. 
In Chapter 3, we chose a MOFs with similar topology with LTO: MIL-167. MIL-167 was constructed 
by dihydroxyterephalic acid (DHTPA) and titanium, possess a anionic frameworks with Et2MeNH
+
 
occupied channel. With manually grinding with LiCl, Et2MeNH
+
 changed to Li
+
, produced 2. CR 2032 
type coin cell was used to check electrochemical performance. This 2 shows metal centered two electrons 
redox reaction and proved to be a zero strain cathode. Moreover, 2 have a relatively high ionic 
conductivity of 0.2 mS/cm, achieved 100 mAh/g discharge capacity after 100 cycles charge-discharge. 
In Chapter 4, we introduced ionic liquid into 2, produced 3. At room temperature, 3 observe 1.1 mS/cm 





using Bruce-Vincent method, transport number also calculated. 3 shows much higher transport number 
than 2, emphasized after doped with ionic liquid, not only carrier number increased, but also improved 
ionic mobility. Finally, a all solid battery was fabricated by using 3 as solid electrolyte, coulombic 
efficiency observed 97% over 20 cycles. 
To introduce redox-activity of organic ligand, we chose dihydroxybenzoquinone (dhbq) as organic linker 
in Chapter 5. By tuning reaction condition, this linker is possible form 2 or 3 dimentional networks. We 
systematicly studied electrochemical behavior of these class of MOFs. The 2D networks only shows 
metal centered redox reaction. While the 3D networks shows both metal cluster and organic linker redox 
reaction. Compared with 3D frameworks, 2D MOFs possess a much smaller molecualr weight, and 
results to a much higher theoretical capacity. But 3D frameworks is more stable than 2D frameworks, 
results to a long life time. 
In Chapter 6, we designed a MOFs with dynamic aperture. We introduce flexible moiety into the rigid 
structure in the MOFs. Here, we focus on the 9,10-diphenylanthracene moiety. In this molecule, it has 
been known that phenyl rings and anthracene ring show thermally driven twisting motion about the 
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